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ABSTRACT 


Background  information  impacting  the  technical  feasibility  of 
developing  an  active  running  gear  system  for  use  on  a deep  ocean 
venicle  is  summarized  along  with  preliminary  conceptual  configurations 
for  sucn  a system.  Characteristics  and  available  performance  data 
on  some  66  existing  seafloor  vehicles  (none  of  which  are  designed  for 
the  environment  or  operating  scenario/mission  of  interest  to  this 
study)  are  reviewed  and  summarized  along  with  likely  environmental 
conditions.  It  is  concluded  that  either  a rotor/screw  or  track 
running  gear  type  will  provide  the  best  potential  performance  on  the 
very  weak  and  highly  plastic  cohesive  soils  to  be  encountered  in  the 
deep  ocean.  Draw  bar  pull  forces  of  the  order  of  400  pounds  are 
developable  using  an  active  running  gear  module  which  is  light  weight 
(possibly  neutrally  buoyant  in  some  cases)  is  compatible  with,  and 
relies  on,  its  host  vehicle  for  power  and  control  functions. 

Potential  areas  of  significant  work  capability  enhancement  using 
such  an  active  running  gear  module  are  summarized  along  with  identified 
technical  deficiencies  and  plans  for  addressing/satisfying  these. 


INTRODUCTION 

This  Technical  Memorandum  summarizes  the  original  survey  of 
background  information  and  feasibility  assessment,  including  the 
preliminary  conceptualization  and  feasibility  studies,  completed  as 
a first  step  in  the  development  effort  of  an  active  running  qear  module 
for  use  in  conjunction  with  an  existing,  undetermined  seafloor  work  vehicle 
in  the  deep  ocean  environment.  A subsequent  Technical  Memorandum  summarizes 
a series  of  more  detailed  studies  which  provided  information  for 
refining  the  concept  and  defining  more  precisely  technical  problems 
or  deficiencies  to  be  overcome  or  satisfied.  The  final  section  of 
this  Technical  Memorandum  also  summarizes  in  more  detail  the  plans 
and  anticipated  schedule  for  this  development  effort. 


BACKGROUND 

Recent  work  at  the  Civil  Engineering  Laboratory  on  nearshore  traffic- 
ability  identified  advances  in  two  areas  which  impact  deep  ocean  traffic- 
ability.  These  advances  include  developments  underway  in  the  private 
sector  to  develop  and  utilize  vehicles  using  active  running  gear  systems 
on  the  seafloor,  and  major  research  efforts  by  the  Army  Engineers  directed 
at  solving  mobility  problems  on  extremely  weak  and  cohesive  soil  in 
terrestrial  dredge  spoil  reservoir  areas.  The  successes  in  these  two 
areas  suggested  that  important  advancements  applicable  to  the  deep  ocean 
trafficability  problem  had  taken  place  since  the  Navy's  last  ma.ior 
evaluation  of  this  field  in  1970  (see  Wiendieck,  1970).  As  a result,  it 
appeared  that  the  potential  for  a successful  development  effort  on  an 
active  running  gear  system  for  use  in  the  deep  ocean  was  now  sufficiently 
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high  for  undertaking  such  an  effort. 

The  Deep  Ocean  Technology  (DOT)  program  undertook  the  sponsorship 
of  this  effort  which  is  directed  at  the  development  and  demonstration 
of  the  technology  of  deep  ocean  traff icabi 1 i ty  and  also  deep  ocean  work 
enhancement  of  existing  seafloor  work  vehicles  by  the  addition  of  a 
running  gear  module.  This  modular  approach  was  selected  because  of  its 
cost  effectiveness  when  compared  to  the  cost  of  developing  an  entirely 
new  vehicle  utilizing  an  active  running  gear  system.  The  approacn  is 
to  use  an  operational  seafloor  vehicle  as  a host  vehicle  during  the  test 
and  evaluation  of  the  running  gear  module.  After  successful  testing 
and  demonstration  of  the  module  hardware,  it  will  become  a dedicated 
accessory  to  the  host  vehicle  and  available  for  use  on  jobs  requiring 
the  position  maintenance  or  force  development  or  reaction  afforded  by  use 
of  an  active  running  gear  system. 

A surprisingly  large  number  of  bottom-crawling  vehicles  have  been 
designed,  fabricated  and  used  on  the  seafloor,  a few  by  the  Navy,  but 
the  vast  majority  by  private  companies.  Many  vehicles  in  the  latter 
category  serve  functions  analogous  to  those  required  by  the  Navy.  The 
vast  majority  of  these  vehicles  are  designed  for  operation  in  the  near- 
shore environment  at  shallower  water  depths  and  generally  on  more  competent 
soils.  While  the  trafficabi 1 ity-related  performance  data  on  these  vehicles 
are  very  limited,  the  existence  of  these  various  vehicles,  their  design 
parameters,  and  existing  general  information  on  their  general  performance 
are  all  of  value  to  the  efforts  summarized  in  this  report.  A detailed 
summary  of  these  existing  vehicles  along  with  their  characteristics  and 
additional  information  on  their  performance  is  summarized  in  the  section 
which  follows. 

The  bottom-crawling  vehicles  which  have  been  developed  by  the  Navy 
have  been  used  primarily  for  research  or  technology  advancement.  In  a 
few  cases  the  vehicles  with  their  running  gear  were  designed  to  support 
a specific  requirement,  usually  in  the  form  of  a job  or  project  to  be 
accomplished.  There  is  no  known  Navy  requirement  specifically  calling 
for  a running  gear  module  for  a deep  ocean  vehicle.  Rather,  there 
are  numerous  Navy  requirements  for  specific  systems,  facilities  or 
operational  capabilities  which,  in  turn,  require  improved  seafloor 
work  and  salvage  capabilities. 

In  many  cases  these  capabilities  are  currently  severely  restricted. 

In  those  cases  and  others,  they  could  be  enhanced  by  the  addition  of  a 
running  gear  module.  Examples  of  requirements  for  work  capabilities 
and  of  vehicle  concepts  developed  in  response  to  such  requirements  are 
summarized  in  a subsequent  section. 

The  concept  outlined  in  this  report  is  that  of  a running  gear 
module  which  would  be  designed  as  a dedicated  accessory  to  a specific 
host  vehicle.  A number  of  potential  host  vehicles,  both  within  the  Navy 
and  in  the  commercial  arena, are  summarized  in  a subsequent  section. 

In  concept,  the  running  gear  module  could  be  designed  for  either  a manned 
or  unmanned  vehicle.  However,  because  of  the  high  cost  and  increased 
time  required  for  testing,  verifying,  documenting  and  certifying  a 
system  to  be  used  on  a manned  vehicle,  it  is  planned  that  this  development 


effort  will  be  directed  toward  a running  gear  module  designed  for  an 
unmanned  vehicle.  The  technology,  however,  is  useable  directly  on  a 
manned  vehicle. 

Existing  Bottom-Crawling  Vehicles 

A large  number  of  bottom-crawling  vehicles  have  been  designed  and 
built  for  use  on  the  seafloor.  These  vehicles  have  been  built  for  a 
variety  of  missions,  including  site  survey,  inspection,  pipeline  or  cable 
burial,  dredging  or  material  removal,  and  for  support  of  a variety  of 
research  projects.  While  the  plans  for,  and  existence  of,  a number  of 
these  vehicles  are  well  documented  especially  in  the  trade  literature, 
information  on  the  mobility-related  performance  of  most  of  these  vehicles 
is  extremely  limited  and  in  most  cases,  non-existent.  The  results  of  a 
thorough  search  of  the  literature  concerning  such  vehicles  is  summarized 
in  Table  1 with  additional  information  about  each  of  the  vehicles  summarized 
in  the  paragraphs  below. 

Anderson  Undersea  Crawler.  This  vehicle  was  built  by  the  Anderson 
Undersea  Company  in  San  Diego  some  time  ago  as  an  experimental  model 
designed  for  carrying  small  instrument  packages,  particularly  for  inspec- 
tion work.  It  was  quite  small,  40-inches  long  by  44  inches  wide  and  only 
15  inches  high.  It  was  used  in  San  Diego  Bay  on  at  least  one  project 
where  it  reportedly  performed  quite  satisfactorily  on  extremely  weak 
mud.  The  track  appears  to  have  been  custom  built  and  was  made  up  of 
rubber  or  plastic  track  shoes  connected  by  two  parallel  continuous  type 
flexible  drive-chains. 

Aguatech  Cable  Plow.  This  vehicle  has  a passive  running  gear  system. 
Forward  motion  is  achieved  by  being  towed  by  surface  ships.  The  vehicle 
uses  a stinger  with  water  jets  on  it  to  bury  a cable  to  a maximum  soil 
depth  of  six  feet.  The  vehicle  was  used,  apparently  successfully,  on  at 
least  one  job  on  a lake  bottom.  Aquatech  is  located  in  Lebonnen, 
Connecticut. 

Atlantic  Marine  Dredge  Sled.  This  vehicle  appears  from  photographs 
to  be  a skid-mounted  vehicle  of  the  order  of  10  feet  in  length.  It 
was  apparently  designed  for  clearing  sediment  from  a trench  which  had 
been  previously  dug  for  burial  of  cables  and  which  had  since  been  back- 
filled by  natural  processes.  The  vehicle  was  apparently  used  successfully 
on  at  least  one  job  in  the  New  Brunswick,  Prince  Edward  Island  area.  The 
vehicle  was  designed  and  used  by  the  Atlantic  Marine  and  Diving  Company, 

Ltd,  of  Fredrickton,  New  Brunswick,  Canada. 

Atlas  Copco  R0C-6Q1M.  This  vehicle  is  a modified  version  of  the 
Atlas  Copco's  standard  601  model  track  rock  drill  for  drilling  blast 
holes  in  rock.  The  vehicle  was  nominally  10  feet  long  by  7 feet  wide  and 
was  used  on  at  least  one  job  on  the  seafloor  in  the  Scandinavian  area. 

The  vehicle  belongs  to  Atlas  Copco  in  Sweden. 
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Bell  Sea  Plows.  Bell  Laboratory  of  the  American  Telephone  and 
Telegraph  Company  has  over  the  last  decade  or  so  evolved  a series  of 
vehicles,  each  one  apparently  utilizing  many  of  the  components  of  its 
predecessor.  Each  has  used  skids  described  as  toboggan  skids  and  has 
a plowshare  type  burial  device  for  burying  the  cable  approximately 
2 feet  deep.  Sea  plows  I and  II  were  both  24  feet  long  by  11  feet 
wide.  The  two  skids  in  the  front  were  6 feet  long  by  feet  wide, 
and  the  two  in  the  rear  were  2 feet  shorter.  Sea  Plow  III  used  a 
larger  single  skid  in  the  front  and  its  overall  length  was  approximately 
30  feet.  Sea  Plow  IV  appears  to  be  similar  or  slightly  larger.  The 
forces  required  to  tow  these  vehicles  are  quite  large.  In  the  case 
of  Sea  Plow  III  the  cable  tensions  in  the  towing  cable  ranged  from 
7,000  to  14,000  pounds  for  towing  the  vehicle  with  the  plowshare 
up.  With  the  plowshare  down,  forces  varied  from  11,000  to  37,000 
pounds.  The  Bell  Survey  Sled  was  apparently  used  as  a survey  vehicle 
for  work  with  Sea  Plow  I.  It  was  similar  to  the  Sea  Plow  I but  was 
smaller  and  apparently  lighter  in  weight. 

Cammell  Laird  Vehicle.  This  vehicle  was  designed  as  a diver 
lock-out  vehicle  to  support  diver  work  on  the  seafloor.  It  had  four 
wheels  8 feet  in  diameter  by  approximately  3 feet  wide.  The  vehicle 
itself  was  48  feet  long  by  19  feet  wide.  The  vehicle  never  became 
operational  and  parts  have  been  salvaged  for  use  on  other  vehicles. 

The  vehicle  was  designed  and  fabricated  by  Cammell  Laird  in  England. 

Cal  Eastern  Seacat.  This  vehicle  utilized  a converted  Caterpillar 
D-7  track  system  to  support  what  appears  to  be  a manned  chamber  similar 
to  a submersible.  The  vehicle  was  used  for  inspection  work  and  for 
light  work  with  several  manipulators.  The  vehicle  belonged  to  the 
California  Eastern  Engineering  Company. 

CEL  Cable  Plow.  This  vehicle  is  still  in  the  design  stages; 
however,  tests  of  reduced  scale  components  such  as  the  water  lubricated 
skids  have  already  been  completed.  This  piece  of  equipment  is  being 
developed  by  the  Navy's  Civil  Engineering  Laboratory  in  Port  Hueneme, 

California 

CEL  Equipment  Test  Chassis.  This  vehicle  consisted  of  a single 
track  and  was  designed  for  trafficability  research  on  the  seafloor. 

The  track  was  of  the  continuous  belt  type  with  aluminum  grousers 
approximately  one-inch  high  spaced  about  8 inches  apart.  The  track 
footprint  of  bearing  area  was  52  inches  long  by  14  inches  wide.  The 
track  system  would  be  classed  as  a rigid  track  in  the  sense  that  the 

bottom  side  of  the  track  was  supported  by  a water  lubricated  skid  pan  t 

rather  than  by  compliant  road  wheels  as  is  common  on  higher  speed  > ( 

tracked  vehicles.  A fairly  extensive  number  of  trafficability 

performance  data  were  gathered  using  this  track  in  underwater  environ-  y 

ments  including  one  site  in  Chesapeake  Bay  and  four  sites  off  the 
California  coast. 
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CEL  Track  Drill.  This  vehicle  was  a slightly  modified  standard 
Navy  issue  Worthington  Model  1290D  track  drill.  It  was  used  at 
several  sites  in  the  Atlantic  and  Pacific,  in  areas  of  very  rugged 
rock.  The  only  problems  encountered  from  a trafficabil i ty  standpoint 
involved  the  extremely  rugged  rock  surfaces  and  an  inability  of  the 
vehicle  to  negotiate  some  of  these  extremely  large  obstacles. 

Comex  Cable  Plow.  This  track  vehicle  was  initially  built  to 
accommodate  a manned  submersible  which  sat  on  top  of  it  and  controlled 
its  operations.  It  has  more  recently  been  reconfigured  for  operation 
by  divers.  The  vehicle  uses  a Poclain  track  unit  modified  for  use 
under  water.  The  tracked  vehicle  is  approximately  19  feet  long  by  11 
feet  wide.  The  tracks  were  initially  approximately  2.6  feet  wide  and 
were  later  changed  to  use  what  is  commonly  called  a delta  track  shoe. 
These  track  shoes  were  approximately  4 feet  wide.  This  vehicle  was 
successfully  used  for  a number  of  cable  burial  jobs.  While  the 
trafficabil ity  performance  was  generally  satisfactory,  comments  of  the 
operators  indicated  that  traction  in  very  soft  soil  was  occasionally 
insufficient  to  pull  the  plow.  The  plow  utilized  a number  of  lower 
pressure  water  jets.  It  is  understood  that  the  vehicle  is  being 
modified  for  cutting  small  trenches  in  weaker  rock  for  cable  burial 
on  a new  project. 

CNEXO  Test  Module.  This  was  a reduced  scale  model  of  the  running 
gear  portion  of  a nodule  mining  vehicle.  The  two  skids  measured  approx- 
imately 9 feet  long  by  9 inches  wide.  The  vehicle  was  tested  in  a soil 
bin  using  bentonite  clay  and  was  also  apparently  tested  on  the  seafloor 
on  a "Red  Clay."  The  forces  required  to  tow  the  vehicle  on  the 
Red  Clay  were  of  the  same  order  of  magnitude  as  the  vehicle  weight.  The 
vehicle  belongs  to  CNEXO  in  Brest,  France. 

CrawICutter.  This  vehicle  was  built  utilizing  a Caterpillar  D-9 
track  system.  The  vehicle  was  approximately  26  feet  long  by  13  feet 
wide, and  the  individual  tracks  were  14  feet  long.  The  vehicle  was  used 
extensively  in  the  area  around  Florida  and  apparently  functioned  quite 
satisfactorily  from  a trafficabil ity  standpoint  with  over  nine  months  of 
underwater  time  logged.  The  vehicle  is  known  to  have  encountered  some 
rather  high  obstacles  during  its  work  underwater.  One  of  the  obstacles 
was  a coral  bank  at  least  5 feet  tall.  Because  of  the  geometric 
configuration  of  the  vehicle,  it  was  not  capable  of  surmounting  this 
obstacle.  However,  because  of  its  mechanical  strength  and  configuration, 
it  was  able  to  in  effect  eat  its  way  through  the  bank  and  to  tear  it 
down.  No  trafficability  problems  on  sand  have  been  reported.  The 
vehicle  was  built  by  a subsidiary  of  the  Ocean  Science  and  Engineering 
Company  of  Long  Beach.  The  subsidiary's  name  was  Ocean  Dredging,  Inc., 
of  Fort  Pierce,  Florida.  The  vehicle  has  reportedly  been  recently 
sold  to  a Japanese  interest. 
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Gopher  Mark  II.  This  vehicle  measures  approximately  20  feet  long 
by  8 feet  wide  and  is  towed  by  a surface  craft.  Tow  forces  have 
reached  as  high  as  20,000  pounds  while  plowing  a trench  feet  deep. 

The  vehicle  belongs  to  Undersea  Systems,  Inc.,  of  Alexandria,  Virginia. 

Harmstorf  Vehicles.  Harmstorf  of  Holland, with  offices  in  other 
countries  including  the  U.S.,  has  been  involved  with  several  vehicles 
designed  for  cable  and  pipeline  burial.  Like  the  Bell  Seaplows,  these 
several  Harmstorf  vehicles  are  likely  outgrowths  or  improved  versions 
of  earlier  vehicles.  All  are  pulled  from  a surface  ship  or  from  a 
winch  system  anchored  on  a beach.  The  Harmstorf  crawler  did  have  a 
hydraulically-operated  track  system,  but  this  was  designed  primarily 
to  allow  the  vehicle  to  negotiate  rugged  terrain  with  the  real  drawbar 
for  propelling  the  vehicle  obtained  from  a surface  ship.  Several  of 
the  vehicles  used  a stinger  with  water  jets  to  embed  the  cable  or  pipe- 
line being  buried;  the  depth  of  burial  in  several  cases  was  as  large 
as  6 to  8 feet. 

Hitachi  Vehicles.  Hitachi  in  Japan,  in  several  instances  in 
conjunction  with  the  Japan  Development  and  Construction  Company  Ltd., 
known  as  the  Jadecco,  has  built  a number  of  vehicles  which  function  as 
bulldozers  or  as  survey  vehicles  resembling  bulldozers.  Most  have 
been  hydraulically  powered  from  the  surface  and  several  have  used 
air-filled  variable  buoyancy  tanks  for  controlling  bearing  pressure  of 
the  tracks.  The  vehicles  have  varied  in  length  from  a maximum  of  23 
feet  to  a minimum  of  17  feet  with  widths  varying  from  17  feet  down 
to  10  feet.  The  vehicles  have  apparently  performed  satisfactorily 
from  a traff icabi 1 ity  standpoint  on  materials  which  appear  to  be 
granular  in  nature.  One  bulldozer,  the  Underwater  Bulldozer  No.  2, 
is  reported  to  have  developed  drawbar  pulls  as  large  as  22,000  pounds. 

The  survey  vehicle  carries  an  "underwater  surveillance  system"  which 
is  part  of  the  "Seabed  Civil  Engineering  Working  System,"  which 
includes  a series  of  coring  devices. 

Jet  Barge  III  and  IV.  Both  of  these  vehicles  are  apparently 
very  large  skid-mounted  structures  designed  for  digging  trenches  in 
which  large  pipe  lines  will  be  buried.  The  vehicles  have  apparently 
been  used  successfully  in  the  North  Sea  area. 

Jetco  Trencher.  This  vehicle  used  a rock  wheel  to  cut  an  8-foot 
deep  trench  in  coral  and  weaker  materials.  The  vehicle  was  successfully 
used  at  least  once  underwater  in  a river  crossing  in  Holland.  The 
vehicle  is  owned  by  Jetco  in  Dallas,  Texas. 

Kennecott  Nodule  Mining  Vehicle.  This  vehicle  was  the  fifth 
in  a series  designed  and  fabricated  by  Kennecott  Exploration,  Inc., 
in  the  process  of  refining  the  design  of  an  eventually  operational 
nodule  collection  vehicle.  This  vehicle  was  towed  by  a surface  ship 
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at  great  water  depths.  The  vehicle  experienced  a stick/slip  periodic 
motion  on  the  seafloor,  presumably  the  result  of  the  cohesion  of  the 
deep  ocean  clays  and  partially  the  result  of  the  elasticity  in  the 
towing  system.  The  vehicle  underwent  approximately  50  days  of  opera- 
tional testing  in  the  deep  ocean  and  apparently  experienced  no 
traff icabi 1 i ty  related  problems  otl  v than  the  occasional  stick/slip 
motion  mentioned  above  and  an  occasional  problem  with  large  obstacles. 

The  areas  in  which  such  a vehicle  is  typically  used  apparently  contain 
a number  of  large  obstacles, and  as  a result, this  vehicle  was  designed 
for  impact  with  very  large  obstacles, and  as  part  of  this  design, had 
a self-righting  capability  for  recovery  after  impacting  such  an  obstacle. 
These  capabilities  were  apparently  needed  and  did  function  as  intended 
to  a large  extent,  although  in  one  case  the  tow  cable  was  damaged  due 
to  numerous  roll  overs  of  the  vehicle. 

Komatsu  Bulldozers.  Komatsu  of  Japan  has  built  a large  series 
of  bulldozer/rippers  for  use  in  the  surfzone  and  nearshore  regions. 

These  have  been  both  electrically  and  hydraulically  powered.  Seven 
of  these  vehicles  are  listed  in  Table  1.  It  is  not  possible  to  tell 
from  the  literature  whether  some  are  simply  modifications  of  earlier 
vehicles.  However,  the  literature  does  indicate  that  at  least  eleven 
different  vehicles  have  been  fabricated  by  Komatsu.  The  vehicles  are 
large  with  lengths  up  to  27  feet  and  widths  to  13  feet.  The  vehicles 
have  apparently  been  used  quite  successfully  on  a number  of  jobs  in 
what  appear  to  be  protected  waters  where  large  volumes  of  sand  and 
gravel  have  been  moved.  Details  of  the  actual  traff icabi 1 i ty  per- 
formance of  the  various  vehicles  are  not  available;  however,  it  is 
known  that  drawbars  as  large  as  95,000  pounds  have  been  realized. 

These  various  bulldozers  have  operating  speeds  up  to  5 mi les-per-hour 
and  reportedly  can  operate  on  grades  as  steep  as  30  degrees. 

Komatsu  Walking  Machine.  Komatsu  has  also  developed  an  under- 
water robot  which  is  computer  controlled  from  a surface  ship  through 
an  electrical  umbilical.  The  vehicle/robot  can  travel  at  speeds  up 
to  500  meters-per-hour  and  reportedly  can  operate  in  tidal  currents 
up  to  6 knots.  The  vehicle  is  roughly  23  feet  long  by  15  feet  wide 
and  can  reportedly  walk  over  extremely  rugged  terrain. 

Kvaerner  Pipeline  Dredge.  This  very  large  vehicle,  approximately 
30  feet  cubed,  rides  on  the  pipeline  using  what  appear  to  be  at  least 
12  rollers  or  wheels  which  are  powered.  Tests  were  successfully 
completed  with  a reduced  scale  prototype  several  years  ago.  The 
vehicle  belongs  to  Kvaerner  Bruge  A/S  in  Oslo. 

Naucrates . This  vehicle  can  be  operated  manned  or  unmanned  and 
utilizes  a slack  hanging  chain.  The  running  gear  functions  in  the 
following  manner.  The  vehicle  is  positively  buoyant  until  the  hanging 
chain  is  attached.  This  hanging  chain  is  like  a slack  track  system, 
and  the  vehicle  settles  to  the  bottom  until  sufficient  track  chain  is 
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on  the  seafloor  to  balance  out  the  buoyancy  of  the  vehicle.  As  this 
hanging  chain  is  run  forward  or  backward , the  vehicle  moves  along  with 
it.  The  ground  pressure  of  this  chain  on  the  seafloor  is  extremely 
small,  and  this  form  of  a running  gear  can  accommodate  rugged  terrain. 
However,  this  type  of  running  gear  is  not  capable  of  developing  any 
significant  drawbar  force  or  of  resisting  significant  forces  such  as 
from  current  drag. 

Nippon  Telephone  and  Telegraph  Cable  Plow.  This  is  an  early  cable 
plow  designed  for  use  in  very  shallow  water.  It  utilized  water  jets 
to  bury  the  cable.  A more  recent  plow,  listed  below  under  Sumitomo, 

Mark  III  Cable  Burier,  is  presumably  the  most  recent  addition  to  the 
fam i 1 y . 

Norges  Vassdrags  Cable  Burier.  This  vehicle  was  designed  with  four 
unpowered  wheels  for  maintaining  mobility  on  sand  and  small  rocks  while 
being  towed  by  a surface  ship.  The  vehicle  apparently  experienced 
no  mobility  problems  while  burying  over  25  kilometers  of  a large  electrical 
power  cable  to  a soil  depth  of  1 meter  on  the  Danish  end  of  a cable 
linking  Norway  and  Denmark. 

Oceanic  Mole  and  Seamole.  Two  pipeline  burial  vehicles,  the  latter 
is  likely  an  improved  version  of  the  former,  have  been  used  by  Oceanics, 
Inc.,  of  Houston,  Texas.  The  vehicles  carry  a pair  of  counter-rotatina 
cutter  wheels  to  bury  the  pipe  and  have  apparently  functioned  satis- 
factorily in  clayey  materials. 

PMTT  Trencher.  This  vehicle  is  a Vermeer  T600C  trencher  modified 
for  underwater  use,  originally  by  the  Civil  Engineering  Laboratory  and 
subsequently  by  the  Pacific  Missile  Test  Center.  The  vehicle  was  first 
used  at  Midway  Island  where  it  functioned  properly  on  the  sand 
for  which  it  was  intended.  However,  it  had  difficulty  with  very 
rugged  terrain  on  a coral  reef,  an  environment  for  which 
the  track  system  was  not  suitable.  The  vehicle  was  subsequently 
modified  and  used  in  Kauai,  Hawaii.  At  this  site  the  vehicle  performed 
marginally  satisfactorily  from  a trafficabi 1 ity  standpoint  in  that  it 
functioned  properly  on  sand  except  in  the  surfzone  area  wnere  at 
extremely  low  speeds  and  high  drawbar  pull,  the  track  tended  to  bury 
itself  and  become  immobilized.  At  this  site  the  vehicle  was  also  used 
in  the  surfzone  on  some  rougher  terrain  and  in  rough  surf  where  the 
track  system  again  had  difficulties  eventually  resulting  in  a serious 
mechanical  breakdown. 

Ponga  Cutter  Head  Dredge.  This  is  a large  sled-like  vehicle 
approximately  40  feet  long  by  26  feet  wide  which  is  towed  by  a surface 
ship.  The  vehicle  has  four  inclined  axis  milling  drums  which  operate 
like  cutter  head  dredges  for  burial  of  pipes  as  large  as  60  inches 
in  diameter.  These  dredges  can  cut  trenches  as  deep  as  8 feet  in  fairly 
stiff  clay.  No  data  on  trafficabil ity  performance  were  found  available. 

RJBA  Plow.  This  vehicle  is  basically  an  extremely  large  plow  with 
tv/o  wheels,"  which  is  towed  by  a surface  ship.  The  plow  vehicle  is  40 
feet  long, and  the  two  wheels  are  approximately  10  feet  in  diameter. 
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There  are  two  cutting  discs  8 feet  in  diameter  in  front  of  the  plow- 
share. Tow  forces  at  the  towing  vessel  averaged  80  tons  and  peak 
requirements  or  peak  forces  were  as  large  as  120  to  150  tons.  The 
vehicle  apparently  performed  satisfactorily  from  a traff icabi 1 i ty 
standpoint.  The  vehicle  was  designed  by, and  apparently  the  property 
of,  R.  J.  Brown  and  Associates  in  the  Hague,  Netherlands. 

RUM  I and  II.  RUM  I was  built  originally  in  the  1957-1960 
timeframe  to  work  from  the  beach  out.  The  undercarriage  and  track 
system  was  a surplus  Marine  Corps  ONTOS  Weapons  Carrier, and  the  vehicle 
in  its  original  configuration  carried  and  paid  out  its  power-control 
umbilical  cable  from  a reel  mounted  on  the  chassis,  see  Figure  1. 

RUM  I was  tested  in  San  Diego  Bay  in  soft  sediments  where  in  at  least 
one  test  it  bellied  out  and  became  immobilized  according  to  Taylor, 

1962. 

In  the  late  1960's  the  RUM  was  reconfigured  as  RUM  II  with 
general  characteristics  as  summarized  in  Table  2.  Using  the  ORB 
surface  support  platform  and  its  constant  tension  winch  system  for 
handling  the  RUM  II,  it  was  possible  to  vary  the  RUM's  ground  pressure 
from  0 to  3.0  psi.  The  vehicle  has  been  used  at  a number  of  sites, 
but  more  detailed  observations  or  data  on  track  performance  are  available 
from  only  a few  including  San  Diego  Bay,  San  Diego  Trough,  San  Clemente  Basin, 
and  the  La  Jolla  Canyon  area.  These  sites  are  in  water  depths  to 
6,000  feet.  The  one  set  of  track  performance  data  for  which  relevant 
geotechnical  data  are  also  available  is  summarized  in  Table  3.  Data 
from  Anderson,  et  al  (1972)  indicates  the  following:  a)  the  remolded 
shear  strength  at  the  soil  depth  controlling  trafficabi 1 ity  (the 
upper  6 to  1.2  inches)  is  0.09  psi;  b)  the  sensitivity  is  3.3;  and  c) 
the  soil  is  a highly  plastic  clayey  silt  with  a plasticity  index  of 
33  to  44.  The  data  in  Table  3 suggest  that  bearing  pressures  above 
0.75  psi  are  too  large  for  this  location.  The  drawbar  coefficient 
(drawbar  force  divided  by  track  bearing  area)  is  relatively  constant 
at  lower  track  pressures  with  a maximum  of  0.17  which  occurs  at  a 
track  bearing  pressure  of  0.75  psi.  This  drawbar  coefficient  corresponds 
to  approximately  one-half  the  undisturbed  shear  strength  of  the  soil 
and  slightly  less  than  twice  the  soil's  remolded  shear  strength. 

Figure  2 illustrates  similar  drawbar  coefficient  data  as  a function  of 
track  pressure  for  other  tests  with  RUM  II. 

The  general  operating  experience  with  RUM  II  is  discussed  in 
several  references  - Anderson,  et  al  (1970),  Anderson,  et  al  (1972), 

Anderson  and  Gibson  (1970),  Anderson  and  Gibson  (1972),  and  Gibson  and 
Anderson  (1974).  A number  of  important  observations  and  conclusions 
have  been  made  by  the  RUM  investigators.  These  include  the  following: 

a)  in  weak er  soils  as  higher  ground/track  pressures  are  applied 
the  realizable  drawbar  force  decreases  and  sinkage  increases 
until  the  vehicle  "bottoms  out"  and  becomes  totally  immobilized; 
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Sieverts  Cable  Plow.  This  vehicle  is  basically  a towed  sled 
designed  for  burying  electrical  power  cable  one  foot  deep.  The  plow 
operated  successfully  over  a distance  of  13'a  miles.  The  plow  was 
fabricated  and  used  by  Sieverts  Kabelverk,  in  Sweden. 

Subsea  Oil  Services  Vehicles.  Subsea  Oil  Services,  Milan,  Italy, 
has  developed  a series  of  underwater  vehicles  to  support  pipeline 
burial  operations.  Several  of  these  ride  on  the  pipeline  rather  than 
on  the  adjacent  soil.  They  have  also  developed  a track  drill  for 
drilling  and  breaking  up  rock  in  the  path  of  the  pipeline  burial  work. 

Sumitomo  Cable  Burier  Mark  III.  This  vehicle  is  a cable  plow 
similar  to  those  developed  by  Bell.  This  vehicle  is  towed  by  a large 
ship  and  has  apparently  performed  satisfactorily  over  cable  runs 
totalling  more  than  100  kilometers.  The  vehicle  was  developed  by 
Sumitomo  Electric  in  Yokohama,  Japan,  in  conjunction  with  Nippon 
Electric  Company  and  Nippon  Telephone  and  Telegraph  Corporation. 

Sumitomo  Trenchers.  Sumitomo  Shipbuilding  has  been  involved 
with  the  development  of  what  appears  to  be  two  separate  trenchers  which 
utilized  a cutter  head  dredge  for  removing  material.  At  least  one  of 
them  was  successfully  used  in  Sagami  Bay.  No  other  information  is 
available  concerning  their  trafficabil i ty  performance. 

Tango  Trencher.  This  is  a very  large  pipeline  burial  vehicle 
which  apparently  uses  some  form  of  track.  The  vehicle  is  70  feet 
long  by  27  feet  wide  and  has  a large,  approximately  6 feet  in  diameter, 
cutter  head.  No  other  data  are  available  except  that  typical  maximum 
speeds  while  cutting  are  160  feet-per-hour  and  360  feet-per-hour  for 
clay  and  sand,  respectively. 

Technomare  Burial  Vehicles.  Technomare  in  Italy  has  built  and 
tested  one  prototype  vehicle  and  is  in  the  process  of  building  a second 
designated  the  TM  402.  These  very  large  vehicles  utilize  two 
construction  type  tracks.  The  first  prototype  vehicle,  the  TM  102, 
apparently  operated  satisfactorily  during  tests  of  its  running  gear 
system  on  clay  and  rocky  soils.  The  new  vehicle  is  scheduled  for 
tests  in  the  Mediterranean  in  1979. 

Tramp  Prototype.  Winn  Technology  Ltd.,  in  Ireland,  is  developing 
i a family  of  inspection  type  vehicles  which  utilize  six  rubber  tired 

wheels  and  an  articulated  frame  to  accommodate  large  obstacles.  One 
reduced-scale  prototype  has  been  tested  offshore  and  with  reportedly 
good  success.  A larger  16,000-pound  prototype  has  apparently  been 
fabricated, and  a larger  version  is  planned. 

Vickers  Seacat.  This  vehicle  is  designed  for  cable  burial  using 
. a water  jetting  system.  It  utilizes  eight  high  flotation  type  tires 

and  has  apparently  performed  quite  satisfactorily  from  a trafficability 
standpoint.  Vickers  Oceanics  in  Edinburgh,  Scotland,  is  currently 
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b)  as  track  pressures  are  increased,  but  well  before  excessive 
sinkage  occurs,  difficulty  with  steering  is  experienced; 

c)  the  particular  track  used  on  the  RUM  "fills  up"  with  soil 
easily,  preventing  grouser  penetration  (there  are  conflicting 
views  on  the  effect  of  this»but  it  appears  not  to  degrade 
performance  significantly;  the  data  presented  in  Table  3 and 
Figure  2 were  obtained  with  "filled  tracks"  according  to 
Gibson,  1978); 

d)  use  of  the  track  at  some  sites  stirs  up  a well  defined  turbidity 
cloud  which  is  described  as  being  2 to  6 inches  thick  and 
spreading  at  speeds  of  the  order  of  one-half  foot-per-second , 
independent  of  any  bottom  currents; 

e)  the  depression  left  by  the  track  is  usually  filled  in  by  this 
dense  turbidity  cloud; 

f)  soil  was  also  "thrown  off"  the  track, but  this  generally  did 
not  have  a major  effect  upon  visibility  since  the  RUM  operators 
always  work  up  current; 

g)  at  typical  deeper  ocean  sites  it  is  usually  necessary  to  operate 
RUM  at  ground/track  pressures  of  less  than  1 psi,  lower  than 
0.5  psi  in  several  cases;  and 

h)  drawbar  forces  of  up  to  1,000  pounds  (0.25  psi)  are  achievable 
at  many  sites. 

It  should  be  noted  that  while  the  RUM  has  demonstrated  significant 
performance  characteristics  in  several  situations,  it  is  by  no  means 
a track  design  optimized  for  the  deep  ocean  environment.  Thus,  the  use 
of  a different  track  unit  on  RUM  or  on  any  other  vehicle  might  be 
expected  to  provide  improved  performance  characteristics  if  properly 
designed. 

Saclay  Test  Unit.  This  is  a small-scale  working  model  of  a vehicle 
to  be  used  for  nodule  mining.  This  scale  model  uses  an  Archimedean 
screw  which  is  one  foot  in  diameter.  Tests  in  a marshy  area  in  the 
south  of  France  produced  drawbar  pulls  of  200  pounds  but  require  a 1 kil- 
owatt energy  input.  The  vehicle  is  being  developed  by  the  Centre 
du'Etudes  Nucleaires  in  Saclay,  France. 

Seabug  1 . This  vehicle  uses  four  water-filled  tires.  The  front 
two  tires  are  steerable  by  a swing  axle.  Dual  tires  or  ext. a wide 
tires  can  also  be  used.  The  vehicle  has  been  tested  on  sand  and  in 
rocky  areas  and  performed  satisfactorily.  The  vehicle  is  operated  by 
UDI  in  Aberdeen,  Scotland. 
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developing  a second  vehicle  called  the  Seadog  which  may  be  a mod- 
ification of  the  first,  for  trenching  in  harder  materials  such  as 
weaker  rock. 

Summary.  Table  1 and  the  paragraphs  above  summarize  available 
information  on  over  60  past,  present  and  three  near-term  future 
seafloor  work  vehicles.  More  than  a third  of  these  vehicles  use  a 
passive  running  gear  system  such  as  skids  and  are  towed  by  surface 
ships;  thus,  they  are  not  of  primary  interest  to  this  development 
effort. 

Of  the  40  vehicles  which  use  active  running  gear  systems,  38  have 
been  built  and  presumably  operated;  about  a quarter  of  these  are  thought 
to  be  modified  versions  of  earlier  vehicles.  Half  of  these  38  vehicles 
are  thought  to  still  exist  today.  The  majority  of  these  have  been 
designed  and  built  for  one  or  two  specific  jobs.  Only  one  is  known  to 
have  been  used  on  more  than  four  jobs.  Thus,  while  a large  number  of 
vehicles  have  been  built,  very  little  experience  operating  the  vehicles 
on  the  seafloor  exists.  Of  the  vehicles  using  active  running  gear 
designed  for  cohesive  soils,  few  were  developed  for  research  purposes 
and  only  one  for  research  on  seafloor  traff icabi 1 i ty--the  CEL  Equipment 
Chassis  Test  Track  (ECTT).  Unfortunately,  the  ECTT  and  RUM  are  the 
only  vehicles  with  which  quantitative  measurements  of  mobility  on 
seafloor  soils  have  been  obtained  and  are  available.  For  the  few 
other  vehicles  for  which  such  measurements  are  thought  to  have  been 
taken,  such  information  is  considered  quite  proprietary  by  the  vehicle 
operators  and  not  available  to  others.  For  the  vast  majority  of  these 
vehicles  with  active  running  gear  systems,  no  measurements  have  ever 
been  taken  and  at  best,  non-expert  visual  observations  of  general 
performance  are  available.  In  most  cases  there  is  either  a total  lack 
of  performance  information  or  enthusiastic  but  undocumented  and  very 
generalized  reports  of  totally  satisfactory  performance.  Even  for  the 
research  vehicles,  the  author  knows  of  only  four  instances  where 
vehicle  performance  and  relevant  soil  properties  were  both  measured  at 
seafloor  sites.  Thus,  while  a fairly  large  number  of  vehicles  have 
been  built  and  many  of  these  operated  on  tne  seafloor  at  least  once 
or  twice,  the  data  available  on  seafloor  traff icabi 1 ity  and  running  gear 
performance  are  extremely  limited.  Nevertheless,  the  fact  that  vehicles 
have  been  designed  and  apparently  used  successfully  is  valuable  infor- 
mation and  contributes  to  the  technology  in  that  the  vehicle's  design 
characteristics  and  reported  successes  and  problems  provide  generalized 
data  points  on  seafloor  mobility,  and  running  gear  performance. 

The  sites  and  environmental  conditions  for  which  these  vehicles 
have  been  designed  and  which  they  have  encountered  are  typically  less 
severe  (stronger  and  more  competent  soils)  than  those  expected  for  the 
deep  ocean  running  gear  module  being  considered  here.  In  addition, 
the  mission  scenarios  for  these  vehicles  (size  of  vehicle  and  its 
required  performance  in  terms  of  drawbar  force  development,  reaction 
to  forces,  submerged  bearing  pressure,  etc.)  are  in  general  quite 
different  from  those  for  the  Running  Gear  Module.  Thus,  while  the 
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existence  of  these  vehicles,  their  desiqn  characteristics,  and  their 
seafloor  mobility  related  performance  levels  are  of  significant 
value  to  this  study,  they  do  not  provide  sufficient  information 
in  a number  of  technical  areas  to  allow  satisfactory  design  at  this  time 
of  a running  gear  module  for  the  deep  ocean  environment  and  the  work 
mission  scenarios  envisioned. 

It  was  intially  hoped  that  one  of  these  vehicles  could  be  used 
to  generate  the  mobility  data  required  to  satisfy  the  technical 
deficiencies  remaining;  however,  of  the  19  or  so  vehicles  which  could 
be  considered,  only  three  have  running  gear  configurations  appropriate 
to  this  study.  Of  these  three,  one  belongs  to  a foreign  group  which 
has  been  approached  concerning  our  mutual  interests  but  is  not  interested. 
A second  vehicle  is  on  an  inactive  status  and  would  require  extensive 
work  (hundred-of-thousands  of  dollars)  to  make  it  operational.  The 
third  vehicle  no  longer  exists.  Several  larger  vehicles  could,  from  a 
technical  standpoint,  be  used;  however,  the  costs  of  required  modifica- 
tions to  obtain  the  needed  data  and  the  costs  of  their  operation  were 
judged  to  be  well  beyond  the  means  of  this  development  effort. 

Navy  Needs 

As  mentioned  earlier,  there  is  no  known  Navy  requirement  which 
specifically  calls  for  a running  gear  system  for  use  in  the  deep  ocean. 
However,  there  are  numerous  tlavy  requirements  and  needs  for  improved 
work  capability  on  the  deep  ocean  seafloor.  The  objective  of  the 
Deep  Ocean  Technology  (DOT)  program  is  technology  development  in  support 
of  the  various  Navy  requirements.  The  objective  of  this  DOT  project 
is  the  development  of  a running  gear  technology  to  support  work  capability 
enhancement.  This  enhanced  work  capability  for  the  deep  ocean  will  be 
in  terms  of  construction  and  salvage  types  of  work. 

The  Navy  has  a number  of  needs  for  running  gear  for  the  deep  ocean 
seafloor,  as  demonstrated  by  the  existence  of  a number  of  on-going 
development  projects  and  procurements,  which  are  listed  below. 

Deep  Ocean  Cable  Burial  System.  The  Naval  Facilities  Engineering 
Command  is  funding  the  development  of  a deep  ocean  cable  burial  system 
at  the  Civil  Engineering  Laboratory.  The  concept  as  currently  being 
developed  utilizes  a passive  skid  system  as  the  running  gear  and 
thrusters  to  develop  the  required  force  for  forward  motion  and  cable 

burial.  An  acti ve/ powered  running  gear  system  would  be  preferable  from 
many  standpoints  (including  energy  consumption);  however,  the  state- 
of-the-art  of  active  running  gear  technology  was  judged  to  be  too 
underdeveloped  and  thus  too  unreliable  for  use  at  the  time  that  the 
concept  v/as  formulated  for  this  eventually  operational  system. 

Navy  Range  Work.  The  majority  of  this  work  involves  the  recovery 
of  test  weapons  which  sink  to  the  seafloor  and  in  some  areas  embed 
themselves  in  the  seafloor.  An  obvious  example  is  the  work  at  the 
Navy  Torpedo  Station  at  Washington,  which  utilizes  two  SORD  vehicles 
and  a CURV  II  vehicle  to  recover  weapons  from  on  or  in  the  seafloor  at 


13 


i 


I 


their  two  underwater  ranges.  Keyport  is  in  the  process  of  developing 
or  procuring  a new  vehicle  which  will  hopefully  combine  the  capabilities 
of  their  two  existing  vehicle  systems.  The  existing  SORD  vehicles  are 
large  and  require  the  use  of  a heavy  three-point  mooring  system  for 
their  deployment.  This  is  required  in  part  to  support  the  large  weight 
of  the  vehicle  and  the  forces  from  its  jetting  system  used  for  re- 
covering buried  weapons.  Their  existing  CURV  II  vehicle  is  easily 
deployed,  but  because  it  is  free-swimming  and  does  not  have  the  cap- 
ability to  provide  the  needed  reaction  for  a jetting  system,  it  is 
not  capable  of  recovering  weapons  systems  that  are  buried  to  any  soil 
depth.  The  new  vehicle  system  as  envisioned  by  Keyport,  will  hopefully 
embody  the  versatility  and  easy  handling  characteristics  of  the  CURV  II 
along  with  a jetting  capability  approaching  that  in  the  SORD  vehicles. 

Use  of  an  active  running  gear  system  is  one  logical  approach  to  develop- 
ing this  capability. 

Improved  Salvage  Cability.  The  CURV  III,  the  RUWS,  and  several 
Navy  submersibles  are  used  for  salvage  jobs  in  the  open  ocean.  The 
Work  Systems  Package  (WSP)  was  developed  as  an  accessory  for  use  on 
several  of  these  vehicles  to  provide  an  expanded  tool  suite  to  enhance 
work  capability.  The  WSP  utilizes  two  grabbers  together  with  a 
manipulator.  The  grabbers  are  utilized  to  hold  the  Work  Systems 
Package  fixed  relative  to  the  object  being  worked  on  with  the  manipulator. 
In  this  way,  the  reaction  force  required  for  any  tools  being  used  by 
the  manipulator  is  transmitted  directly  back  to  the  object  through  the 
grabbers.  This  approach  works  satisfactorily  in  many  cases;  however, 
there  are  exceptions.  In  one  instance  because  of  a cross-current, 
the  drag  forces  on  the  host  vehicle  were  sufficiently  large  to  bend  and 
damage  one  of  the  grabbers.  In  another  instance  the  object  being  worked 
on  did  not  have  structural  members  of  sufficient  strength  to  which  the 
grabbers  could  attach  for  a good  reaction.  They  ended  up  tearing  the 
structure  apart  to  some  extent  and  not  being  able  to  perform  the  work 
originally  planned.  Experience  with  the  CURV  vehicle  has  illustrated 
the  difficulty  of  doing  precise  work  in  a cross-current.  An  example 
was  the  placement  of  the  Foundation  Monitor  System  on  the  SEACON  I 
foundation  in  the  Santa  Barbara  Channel.  In  that  case,  a slight  cross- 
current on  the  order  of  0.2  knots,  made  it  impossible  to  place  the 
instrumentation  package  in  a cradle  designed  to  accept  the  package  once 
the  position  was  within  one  foot  of  central  location.  In  additional 
experiences  with  the  CURV  vehicle  at  the  SEACON  I site  and  also  at  the 
1200- foot-site  in  the  Santa  Barbara  Channel,  work  had  to  be  slowed 
to  an  extremely  slow  rate  because  of  limited  visibility  and  the  proximity 
of  several  objects  in  which  the  vehicle  could  potentially  become 
entangled.  As  a result,  the  physical  approach  to  any  one  object  using 
sonar  was  done  in  small  hops  with  a two  or  three  minite  pause  between 
hops  so  that  sonar  fixes  could  again  be  obtained  in  planning  for  the 
next  small  movement  towards  the  object  of  interest.  A running  gear 
system  which  maintains  constant  contact  with  the  seafloor  and  thus 
known  position  would  allow  for  a more  continuous  operation  in  situations 
such  as  this. 


Deep  Ocean  Recovery  System.  Preliminary  development  of  a new 
Deep  Ocean  Recovery  System(DORS)  is  currently  underway  under  the 
Extended  Depth  Salvage  Capability  program.  The  Work  Vehicle  nortion 
of  this  system  must  be  capable  of  reacting  to  the  large  current  drag 
(as  high  as  4 knots  for  some  shallower  water  scenarios)  on  both 
the  vehicle  and  the  large  diameter  power  umbilical  cable  to  the 
vehicle.  The  vehicle  concept  is  currently  8 by  8 by  25  feet,  has  a 
mass  of  15  tons,  and  is  neutrally  buoyant.  An  active  running  gear 
system  with  a drawbar  of  about  5,000  pounds  is  one  approach  to  accomplish- 
ing this  reaction  while  on  the  seafloor  at  a minimum  cost  in  terms  of 
the  available  energy  budget.  The  vehicle  is  to  have  about  150  horsepower, 
50  in  vertically  directed  thrusters. 

Nearshore  Trenching.  There  have  been  several  recent  instances 
where  the  Navy  had  an  interest  in  trenching  in  weak  cohesive  sediments 
in  the  nearshore  environment--an  environment  similar  to  that  of  the 
deep  ocean  and  one  requiring  the  same  type  of  running  gear  technology. 
These  trenching  requirements  were  for  cable  burial  or  more  often  for 
the  burial  of  sewer  outfall  lines.  In  both  cases  a burial  vehicle 
utilizing  an  active  running  gear  system  would  require  much  less  surface 
support  than  would  a vehicle  using  a passive  running  gear  system  and 
dependent  upon  the  surface  tug  for  thrust  development  and  positioning. 

Potential  Host  Vehicles 

The  modularized  running  gear  approach  is  applicable  to  both  manned 
and  unmanned  vehicles,  and  in  fact,  the  technology  being  developed  in 
this  effort  is  meant  to  be  applicable  to  both  types  of  vehicles. 

However,  for  the  sake  of  economic  and  timely  completion,  it  has  been 
decided  that  the  first  running  gear  module  will  be  designed,  built, 
and  tested  for  an  unmanned  vehicle. 

Table  4 lists  the  known,  active  unmanned  vehicles  potentially 
available  on  the  commerical  market  as  host  vehicles  for  a running  gear 
module.  Table  5 lists  potential  Navy  host  vehicles  including  both 
unmanned  and  manned  vehicles.  The  latter  category  are  listed  simply  for 
future  reference.  It  was  initially  assumed  that  a Navy  vehicle  would 
be  used  as  the  host  vehicle.  However,  most  of  these  vehicles  are  in 
fairly  continuous  use  on  high  priority  projects  or  are  required  to  be 
on  a stand-by  status  for  potential  emergency  requirements.  Thus,  they 
may  not  be  available  for  work  on  an  R&D  effort  such  as  this  one.  For 
this  reason  the  use  of  a commercial  host  vehicle  is  considered  a 
reasonable  possibility,  particularly,  if  the  owners  are  interested  in 
a cooperative  effort  to  develop  the  running  gear  hardware  which  would 
be  dedicated  to  their  vehicles. 

Major  questions  to  be  addressed  in  selecting  a host  vehicle  include 
the  availability  of  the  vehicle,  the  interest  on  the  part  of  vehicle 
owners/operators  in  a running  gear  module,  and  physical  compatibility 
of  the  potential  host  vehicle  with  the  requirements  of  the  running 
gear  module.  Only  the  latter  question  can  be  addressed  here.  Tables 
4 and  5 include  the  information  available  in  the  literature  that 
pertains  to  physical,  mechanical,  electrical,  and  control  configurations 
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as  they  affect  the  compatibility  of  the  host  vehicle  to  the  proposed 
running  gear  module.  Payload  and  payload  capacity  indicate  the  amount 
of  weight  in  air  that  can  be  added  to  the  vehicle  without  causing 
significant  handling  problems.  In  many  cases  it  is  reasonable  to 
assume  that  additional  weight  could  easily  be  handled  as  long  as 
balancing  buoyancy  were  also  added--l i kely  in  the  form  of  syntactic 
foam.  Available  vertical  thrust  in  terms  of  horsepower  or  pounds  is 
listed  as  an  indication  of  the  effective  bearing  pressure  that  could  be 
obtained  using  the  vertical  thruster  alone.  A typical  relationship 
between  horsepower  and  thrust  for  recently  designed,  highly  efficient 
thrusters  in  the  10  horsepower  range,  suggest  that  30  - 50  pounds  of 
thrust  per  horsepower  can  be  developed.  Work  capability  and  a descrip- 
tion of  manipulators  is  included  so  that  an  assessment  of  potential  work 
enhancement  for  the  various  potential  host  vehicles  can  be  made.  The 
available  power  on  each  of  the  vehicles  is  summarized  in  terms  of  the 
total  horsepower  apparently  available  at  the  vehicle  which  could 
conceivably  be  used  for  powering  a running  gear  if  other  powered 
systems  are  not  in  use.  An  effort  was  made  to  determine  the  number  of 
extra  control  channels  available  on  some  of  these  vehicles;  however, 
specific  information  was  not  found  to  be  generally  available.  It  is 
assumed  that  for  many  of  these  vehicles,  particularly  the  more  recent 
ones  that  are  oriented  towards  amodular  approach  for  tool  packages, 
that  a number  of  control  channels  are  available  which  would  be  sufficient 
for  operating  an  active  running  gear  system. 

In  addition  to  the  vehicles  listed  in  Tables  4 and  5,  other 
potential  host  vehicles  do  exist.  One  of  these  is  the  RUM  vehicle  at 
Scripps.  This  vehicle  is  a bottom  crawler  which  conceivably  could  be 
modified  to  accept  a new  running  gear  system.  However,  information 
provided  by  personnel  at  Scripps  Marine  Physical  Laboratory  suggests 
that  the  cost  of  reactivating  RUM  would  be  in  excess  of  $200,000 
plus  the  cost  of  any  modifications  for  new  running  gear.  There  is 
also  the  possibility  of  developing  the  planned  running  gear  module  in 
conjunction  with  other  new  vehicle  development  efforts.  An  example  is 
the  very  preliminary  work  at  Scripps  on  a deep  ocean  survey  vehicle 
which  may  include  a bottom  running  gear  system.  Other  possibilities 
include  the  planned  overhaul  and  modernization  of  the  CURV  III,  the 
new  vehicle  planned  by  NTS  Keyport,  and  the  DOT  funded  Deep  Ocean 
Recovery  System  vehicle  development  effort.  Selection  of  the  host 
vehicle  must  take  into  consideration  the  questions  outlined  above  and 
the  status  of  the  various  vehicles,  or  their  development  efforts,  at 
the  time  the  decision  is  made--see  the  final  section  of  this  report  for 
an  approximate  schedule  of  events. 


MOBILITY  ASSESSMENT  f 

Deep  Ocean  Environmental  Conditions  K 


The  environmental  parameters  of  primary  importance  include  soil 
type  (fine-grained  or  coarse-grained),  relevant  strength  parameters 
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(something  approaching  a remolded  strength  for  fine-grained  soils  and 
a measurement  approaching  a cone  gradient  for  coarser  grained  soils), 
local  slope  angle,  and  a description  of  obstacles  wnich  might  nave 
to  be  surmounted  (described  in  terms  of  their  scale  and  geometry). 

In  addition  to  the  preceding  parameters  which  determine  vehicle 
mobility,  bottom  current  velocity  is  important  in  determining  lateral 
forces  on  the  vehicle  and  in  analyzing  its  stability  relative  to 
lateral  sliding  or  overturning  in  the  case  of  extreme  vehicle  positions. 

The  geographic  distribution  of  general  sediment  types  in  the 
deep  ocean  is  summarized  in  Figure  3,  and  the  frequency  of  occurrence 
of  the  various  types  are  listed  in  Table  6.  Areal  variability,  which 
controls  capabilities  to  generalize  typical  conditions,  is  a major 
problem  in  shallower  water  (continental  shelves  and  adjacent  areas)  and 
in  the  vicinity  of  major  topographic  features  such  as  hills  and 
seamounts.  Evaluations  of  controlling  parameters  in  such  areas  should 
be  on  a case  by  case  basis.  Local  slopes  and  obstacle  heights  to  be 
negotiated  in  such  areas  are  often  excessi ve, and  thus  the  areas  prove 
to  be  non-trafficable  from  a practical  standpoint.  Such  non-traff icable 
areas  likely  make  up  much  less  than  5%  of  the  total  seafloor  area.  From 
an  operational  interest  standpoint  they  may,  however,  constitute  more 
than  5%  of  the  areas  of  interest. 

For  typical  deeper  ocean  areas  the  following  ranges  of  properties 
are  likely  applicable  to  the  upper  foot  or  so  of  sediment  (developed 
by  H.  Lee  and  published  in  Rockwell,  1976): 

Shear  strength  in  cohesive  soils  0.18  to  2.2  psi 

Bulk/total  unit  weight  78  to  116  pcf 

Angle  of  internal  friction  in  30  to  42  degrees 

granular  soils 


The  first  two  values  apply  with  more  confidence  to  pelaaic  clays, 
often  termed  red  or  brown  clays.  An  analysis  of  another  large  set 
of  core  data  reported  by  Richards  and  Parks  (1977)  covers  the  north- 
central  Pacific  where  pelagic  and  siliceous  pelagic  clays  predominate. 
These  data  suggest  that  a typical  remolded  strength  in  the  upper  foot 
is  0.17  psi.  However,  this  is  an  average  for  data  which  were  widely 
scattered. 

Properties  for  the  various  deep  ocean  oozes  are  not  well 
documented  in  the  literature.  A large  study  by  Lee  (1978)  of  a band 
of  "more  plastic"  calcareous  ooze  across  the  equatorial  Pacific 
suggested  a minimum  (exceeded  by  at  least  90 % of  all  measurements) 
remolded  strength  at  shallow  soil  depths  of  0.09  psi  with  sensitivities 
of  about  5.  It  is  generally  anticipated  that  other  oozes  would  have 
similar  properties.  Oozes  with  very  little  or  no  clay  filler  (not  a 
typical  condition)  will  likely  have  properties  fitting  into  the  above 
ranges,  but  may  exhibit  behavior  patterns  which  are  somewhat  unusual  by 
terrestrial  standards  and  which  may  cause  difficulty  in  assessing 
likely  trafficability  performance.  The  somewhat  unusual  behavior  is 
primarily  related  to  the  very  high  void  ratios  of  these  "clean"  oozes 
and  the  potential  for  densification  and  significant  strength  loss  under 
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loads  that  are  vibratory  or  cyclic  in  nature. 

Based  on  the  soil  strengths  indicated  above  together  with  the 
assumption  of  typical  sensitivities  in  the  near  surface  sediments 
of  2.5  to  3.0,  the  following  design  values  are  assumed  for  fine- 


grained plastic  sediments: 

Undisturbed  strength  0.3  psi 

Cone  index  3 

Remolded  shear  strength  0.1  psi 

Sensitivity  3 


Data  from  most  studies  utilizing  well-designed  corers  or  box  corers 

in  deep  ocean  environments  indicate  that  the  soil  strengths  are 

relatively  constant  (gradients  less  than  30%  in  the  upper  foot)  over 

the  soil  depths  which  control  trafficability  behavior--0  to  12  inches  1 

for  this  type  of  soft  soil  environment  and  the  small  to  moderate  scale 

of  the  equipment  involved.  Numerous  investigators  have  noticed  a 

layer  of  very  loose  soil/"fluff"  at  many  locations.  When  present,  this 

layer  is  usually  less  than  3-inches  thick  and  often  of  the  order  of  \ 

only  one-quarter  inch  thick  (just  enough  material  to  destroy  visibility 

when  a thruster  is  activated).  This  layer  is  ignored  in  the  analysis 

of  trafficability  since  it  is  likely  simply  displaced  by  the  track  or 

running  gear  system  and  pushed  out  of  the  way.  This  assumption  appears 

quite  reasonable  based  on  experience  and  direct  observations  with  the 

RUM  vehicle. 

The  performance  of  any  running  gear  system  is  influenced  by  the 
angle  of  the  slope  on  which  it  is  operating.  The  effect  of  this  slope 
angle  is  larger  in  weak  or  loose  soils.  The  effect  is  in  terms  of  the 
following:  (a)  the  additional  tractive  effort  which  must  go  into  moving 
a vehicle  upslope,  thus  leaving  less  tractive  effort  available  for 
development  of  drawbar  pull  for  external  use;  (b)  the  reduction  in 
bearing  pressure  acting  normal  to  the  soil  surface  (due  to  the  inclina- 
tion, the  component  of  the  negative  buoyancy  which  acts  normal  to  the 
soil  surface  is  reduced )which  will  typically  result  in  reduced  traction; 
and  (c)  the  increased  potential  for  slope  instability  due  to  the 
"weight"/negative  buoyancy  of  the  vehicle  acting  on  the  slope. 

Slopes  on  the  seafloor  are,  on  average,  quite  gentle.  However, 
they  vary  by  geographic  location  and  can  be  quite  significant. 

Continental  Shelf.  The  average  gradient  is  7 minutes  but  5-degree 
local  slopes  are  common. 

Continental  Slope.  The  average  gradient  worldwide  is  4 degrees. 

It  is  about  50%  greater  for  slopes  off  what  are  termed  fault-coasts 
such  as  California  and  major  portions  of  the  western  coasts  of  the 

north  and  south  American  continents.  Local  slopes  are  much  steeper.  „■ 

Slopes  as  steep  as  25  degrees  occur  in  some  areas. 
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Deep  Ocean  Seafloor.  The  deep  ocean  seafloor  on  average  has  a 
gradient  of  less  than  3 minutes.  However,  local  features  such  as 
rises  and  hills  have  larger  slope  angles. 

Trenches  and  Seamounts.  These  large  features  have  much  steeper 
slopes.  Average  maximum  slope  angles  typically  range  between  4 and 
16  degrees  with  extreme  values  to  25  degrees. 

Summary  of  Slopes.  The  vast  majority  of  the  seafloor  (probably 
greater  than  98%  of  the  total  area)  has  a slope  angle  less  than  5 
degrees.  The  extreme  values  (to  25  degrees)  listed  above  occur 
frequently  enough  to  be  statistically  significant.  Steeper  slopes 
(to  90  degrees  and  even  steeper--overhanging)  do  occur.  And  while 
these  are  spectacular,  well  documented,  and  well  publicized,  they  are 
not  common  or  significant  on  a statistical  basis.  Steeper  slopes  often 
occur  at  the  sites  of  rock  outcroppings.  Since  the  height  of  these 
local  irregularities  is  often  limited,  they  are  usually  considered 
as  obstacles  in  traff icabi 1 i ty  analysis  rather  than  as  slopes. 

Obstacles.  Data  on  obstacle  height  on  the  seafloor  are  extremely 
limited.  The  few  data  which  are  available  (usually  in  the  form  of 
bottom  photographs  or  side  scan  sonar  records)  show  a wide  variation 
in  obstacle  height.  For  the  vast  majority  of  the  seafloor  (perhaps 
98%)  the  maximum  obstacle  height  which  a vehicle  would  have  to  surmount 
is  of  the  order  of  6 inches  or  less.  If  the  vehicle  mission  is  such 
that  it  cannot  choose  its  own  route  (to  avoid  larger  obstacles)  then 
the  controlling  maximum  obstacle  height  may  be  larger  (of  the  order 
of  several  feet  and  even  larger  in  some  areas).  In  the  vicinity  of 
steep  slopes  or  rock  outcrops,  the  obstacles  will  be  larger. 

Bottom  Currents.  Bottom  currents  can  impose  a fairly  large  drag 
force  (proportional  to  the  current  velocity  squared)  on  a seafloor 
vehicle.  The  highest  velocity  currents  usually  occur  in  shallower 
water,  near  the  surface,  and  in  the  vicinity  of  topographic  features 
such  as  bay  entrances,  between  islands  or  near  a seamount.  Current 
velocity  usually  decreases  near  the  seafloor.  A typical  water  velocity 
in  the  deeper  ocean  within  a few  feet  of  the  seafloor  is  much  less 
than  0.1  knot  (0.17  ft/sec  or  5.1  cm/sec).  Typical  maximum  values 
of  current  velocity  are  estimated  as  follows: 

< 0.2  knots  for  75%  of  the  seafloor 

<0.5  knots  for  20%  of  the  seafloor 

>0.5  knots  for  5%  of  the  seafloor 

It  should  be  emphasized  that  these  are  maximum  velocities,  and  may  be 
seen  only  once  per  tidal  cycle,  during  storms,  or  during  less  frequent 
phenomenon.  In  the  case  of  drag  forces  on  a vehicle,  it  may  be  more 
realistic  to  design  for  drag  forces  associated  with  currents  which  more 
commonly  prevail  rather  than  the  extreme  event. 
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Applicable  Mobility  Criteria 

As  outlined  in  the  preceding  section,  the  running  gear  system 
must  be  designed  for  optimum  performance  in  an  extremely  weak  cohesive 
soil  environment.  Secondary  considerations  are  for  small  obstacle 
negotiation,  performance  on  sandy  and  more  competent  soils,  resistance 
to  small  drag  force  due  to  current,  maintenance  of  mobility  and 
development  of  small  drawbar  forces,  and  satisfactory  performance  at 
very  low  effective  ground  pressures.  The  preceding  combination  of 
requirements  based  on  typical  environmental  operating  conditions  and 
mission  requirements  suggests  that  the  running  gear  system  should  be 
designed  primarily  for  solving  the  soft  soil  mobility  problem. 

Numerous  running  gear  types  have  been  investigated  in  the  past;  however, 
the  need  to  design  a practical  operating  system  together  with 
the  requirements  listed  above,  dictates  that  the  running  gear  system 
be  either  a wheel,  track,  or  rotor/screw  system. 

For  a given  vehicle  size,  a tracked  system  can  develop  at  least 
twice  the  ground  contact  area  as  a wheel  system  even  when  the  latter 
category  includes  rologons  and  similar  low  ground  pressure  configurations. 
For  extreme  cases  such  as  the  one  in  this  study  where  extremely  low 
ground  pressures  are  of  interest,  wheel  systems  can  achieve  a maximum 
ground  contact  area  equal  to  about  25%  of  the  vehicle's  planeform 
area.  In  comparison,  track  systems  can  achieve  about  55%  where  skid 
steering  is  used  or  an  even  larger  percentage  where  articulated  systems 
are  used  to  accomplish  steering.  While  wheels  do  offer  a better 
stress  distribution  in  the  soil  beneath  the  running  gear  in  terms  of 
developing  mobility  and  drawbar  force,  this  is  only  a 5%-kind  of 
advantage  and  is  overwhelmed  by  the  differences  outlined  above.  Thus, 
the  wheel  is  eliminated  from  further  consideration  for  the  running 
gear  module. 

Track  systems  designed  for  use  on  extremely  weak  cohesive  soils 
must  minimize  any  stress  concentrations  under  road  wheels.  This  is 
accomplished  by  using  a larger  number  of  smaller  road  wheels  or  by 
going  to  a skid  plate  or  similar  device  such  as  that  used  on  the  CEL 
Equipment  Chassis  Test  Track.  A compliant  track  system  is  to  be 
avoided  because  this  leads  to  stress  concentrations.  For  a track 
system  designed  for  skid  steering  the  ratio  of  the  total  track  length 
to  the  track  gauge  or  distance  between  the  centerlines  of  the  two 
track  units,  must  be  less  than  1.2  to  1.8.  If  articulated  frame  steering 
is  used,  ratios  up  to  5 have  been  used  successfully. 

Experience  and  design  criteria  for  rotors  (also  called  screws. 

Marsh  screws,  or  Archimedean  screws)  are  much  more  limited.  Rotors 
do  perform  quite  well  in  extremely  weak  cohesive  soils.  Experience 
of  the  Army  Engineers  at  WES  indicates  that  it  is  virtually  impossible 
to  immobilize  a vehicle  equipped  with  properly  designed  rotors.  If 
the  soil  is  so  weak  as  to  not  be  capable  of  supporting  the  vehicle, 
the  rotors  simply  sink  in  a little  further  and  function  as  propellers 
in  a more  viscous  muddy  water.  The  one  disadvantage  of  the  rotor 
configuration  is  that  it  does  require  a larger  amount  of  power  than 
a track  designed  for  similar  operating  conditions.  Individuals 
experienced  in  the  field  generally  suggest  that  approximately  twice 
the  power  is  required  for  a rotor  as  for  a properly  designed  track. 

It  is  generally  assumed  that  a rotor  will  churn  up  the  soil  more  than 
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a similarly  sized  track;  however  at  slow  speeds  and  at  the  extremely 

low  ground  pressures  of  interest  in  this  study,  this  difference  may 

not  be  significant.  The  reason  for  this  difference  in  the  amount  of 

soil  churning  or  remolding  caused  by  the  two  running  gears  is  illustrated 

in  Figure  4.  For  the  cases  illustrated  in  this  figure  (which  are  not  1 

unfortunately,  compl etely  comparable)  it  can  be  seen  that  the  track 

develops  its  maximum  drawbar  at  a much  lower  slip  than  does  the 

rotor  system.  It  can  also  be  seen  in  this  figure  that  for  the  rotor 

as  weaker  soils  are  encountered,  the  amount  of  slip  needed  to  mobilize  ■ 

a given  drawbar  force  increases.  The  information  presented  on  Figure  4 ] 

also  points  out  the  fact  that  the  drawbar  developed  by  a rotor  system  1 

is  available  even  at  100%  slip,  whereas  with  a track  system  in  weak 
cohesive  soils, the  available  drawbar  begins  to  drop  off  as  100%  slip 
is  approached.  This  is  the  result  of  the  track  causing  major  remolding 
of  the  soil  which,  in  a practical  situation  generally  results  in  the  , 

track  burying  itself  and  becoming  inniobil ized.  1 

Mobility  analysis  for  a vehicle  is  usually  done  in  terms  of 
assessing  a Vehicle  Cone  Index  ( VC  I x ) for  either  one  pass  (x  = 1) 
which  is  roughly  equivalent  to  reconnaissance  work, or  for  multiple 
passes  such  as  would  occur  at  an  operational  site  and  may  be  typified 
as  a 50-pass  condition  (x  = 50).  Once  these  criteria  for  performance 
characteristics  are  assigned  to  a vehicle,  the  soil  strength  character- 
istics at  a site  are  evaluated  in  terms  of  a Cone  Index  or  Rating  Cone 
Index  which  is  equal  to  the  in-situ  Cone  Index  multiplied  by  the 
Remolding  Index  (RI)  of  the  soil  which  is  comparable  to  the  soil's 
sensitivity.  In  order  for  a vehicle  to  maintain  mobility  at  a site, 
the  Rating  Cone  Index  at  the  critical  soil  depth  at  the  site  must  be 
equal  to,  or  greater  than,  the  Vehicle's  Cone  Index  for  the  number  of  passes 
of  interest.  Using  this  approach,  the  drawbar  force  available  from 
a vehicle  at  a particular  site  is  a function  of  the  excess  of  soil 
strength  over  that  required  for  the  vehicle  to  maintain  mobility.  This 
is  usually  calculated  as  the  difference  between  the  Cone  Index  of  the 
soil  and  the  Vehicle  Cone  Index.  The  assigned/ calculated  values  of 
Vehicle  Cone  Index  for  a number  of  vehicles  designed  for  use  on  marshy 
areas  and  evaluated  by  the  Army  Engineers  are  listed  in  Table  7.  A 
typical  curve  for  predicting  drawbar  pull  in  terms  of  excess  Rating 
Cone  Index  is  shown  in  Figure  5.  The  data  presented  in  Table  7 
is  presented  in  a slightly  different  format  in  Figure  6.  Examination 
of  these  latter  two  figures  and  the  table  show  that  even  for  these 
vehicles,  which  were  being  considered  for  use  on  dredge  spoils,  ground 
contact  pressures  and  Vehicle  Cone  Index  ratios  are  fairly  high 
compared  to  the  conditions  of  interest  of  this  study. 

Most  of  the  data  points  discussed  above  and  in  the  referenced 
figures  and  table  are  calculated  rather  than  measured  data  points. 

These  have  been  calculated  using  empirical  relationships  derived  > 

primarily  from  vehicles  operating  at  higher  ground  contact  pressures. 

There  is  a technical  need  to  validate  the  quantitative  accuracy  of  i*' 

applying  these  relationships  in  this  very  low  ground  contact  pressure 
regime.  Analysis  of  data  from  the  RUM  vehicle  and  from  the  CEL 
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Equipment  Chassis  Test  Track  at  very  low  ground  pressures  suggests 
that  for  track  systems  designed  for  these  very  weak  soils  and  low 
contact  pressures,  significant  drawbar  pull  can  be  developed.  A quick 
analysis  of  these  data  suggests  that  for  a track  system  with  a ground 
contact  pressure  well  below  that  causing  excessive  sinkage,  drawbar 
force  per  unit  of  contact  area  is  approximately  equal  to  1.4  to  1.6 
i times  the  remolded  snear  strength  of  the  underlying  soil.  These 

conclusions  are  based  on  tests  on  seafloor  soils  witn  undrained  shear 
strength  as  low  as  0.2  psi. 

Itshould  be  pointed  out  that  a cohesive  soils  Cone  Index  (Cl)  is 
roughly  equivalent  to  ten  times  the  undrained  shear  strength  or  vane 
shear  strength  of  a cohesive  soil  The  Rating  Cone  Index  (RCI)  is 
roughly  equivalent  to  ten  times  the  remolded  strength  of  a cohesive 
soil. 


CONCEPT  DEVELOPMENT 

Based  on  an  analysis  of  the  information  summarized  in  the  preceding 
sections,  it  was  concluded  that  the  module  would  use  either  a continuous 
belt-type  track  running  gear  system  with  a non-compl iant  suspension 
system,  or  a rotor/screw  running  gear  system.  These  two  approaches 
are  pictured  in  Figures  7 and  8,  which  are  not  to  scale  and  which 
generally  show  the  running  gear  slightly  oversized  relative  to  its 
host  vehicle.  The  powered  running  gear  system  would  be  designed  a^ 
a dedicated  module  to  be  attached  to  its  host  vehicle  when  needed.  It 
would  utilize  the  host  vehicle's  existing  power  and  control  capabilities, 
and  would  be  designed  for  electrical,  hydraulic,  and  mechanical 
compatibility  with  the  host  vehicle.  It  is  assumed  that  the  module 
will  have  an  in-water  weight  somewhere  between  0 and  1,000  pounds.  This 
weight  will  be  minimized  by  the  use  of  lightweight  materials  and  added 
buoyancy  if  required.  It  was  initially  assumed  that  some  in-water 
weight  would  be  required  in  order  to  realize  the  required  drawbar  force. 
Most  of  the  known  potential  host  vehicles  have  an  upward  directed 
thruster  which  could  be  used  to  increase  the  vehicle  systems  effective 
vertical  weight.  Most  of  these  thrusters  (in  the  5 to  10  horsepower 
range)  can  develop  between  230  and  490  pounds  of  thrust  depending  upon 
their  size,  configuration,  orientation  and  efficiency.  It  was  assumed 
that  a drawbar  force  capability  of  the  order  of  400  pounds  would  be 
needed  for  many  of  the  missions  envisioned. 

A typical  case  for  examining  the  requirements  for  the  vehicle's 
resistance  to  forces  is  the  lateral  force  on  the  vehicle  due  to  a 
cross-current.  Using  a value  of  0.3  knots  (or  0.51  feet-per-second) 
as  a typical  maximum  current  velocity  in  the  deep  ocean,  a cross- 
sectional  area  of  108  square  feet  for  the  vehicle  with  running  gear  module 
attached,  and  a drag  coefficient  of  2.0,  gives  a current  drag  force  of 
56  pounds.  For  these  conservative  assumptions,  a cross-current 
velocity  of  0.8  knots  is  needed  to  develop  a drag  force  of  the  order 
of  400  pounds. 

The  case  which  requires  the  largest  in-water  weight  would  be 
where  the  vehicle  operates  on  sand.  In  order  to  develop  the  required 


22 


t 

I 

400  pounds  of  drawbar  force,  the  vehicle  would  likely  need  an  effective 
negative  buoyancy  of  800  pounds.  Assuming  200  pounds  from  an  upward- 
directed  thruster,  the  in-water  weight  would  have  to  be  a minimum  of 
600  pounds  in  this  situation.  On  cohesive  soils  the  required  effective 
in-water  weight  will  likely  be  much  less,  and  it  appears  possible  to 
use  a neutrally  buoyant  vehicle  with  an  upward-directed  thruster 
developing  all  of  the  required  effective  negative  buoyancy  in  order 
to  develop  the  drawbar  force.  When  the  vehicle  is  in  a "parked"  mode, 
it  is  expected  that  it  will  be  capable  of  resisting  lateral  forces 
of  the  order  of  one-and-a-hal f times  the  drawbar  force  it  is  capable 
of  developing,  in  other  words  of  the  order  of  600  pounds.  This 
latter  estimate  assumes  the  same  effective  bearing  pressure  or  negative 
buoyancy  as  for  the  example  case  for  drawbar  force  outlined  above. 

A preliminary  design  for  each  of  the  two  running  gear  concepts 
was  roughed  out  assuming  a near  worst  case  soil  condition,  an  undrained 
shear  strength  of  0.3  psi,  a sensitivity  of  3 and  a remolded  strength 
of  0.1  psi.  For  the  two-track  vehicle  assuming  an  effective  load  of 
500  pounds  on  each  track,  a 20-inch  wide  by  75-inch  long  (ground  contact 
dimensions)  track  was  selected.  This  configuration  has  a factor  of 
safety  of  1.5  against  excessive  sinkage  assuming  total  remolding  of 
the  soil— thus,  the  true  factor  of  safety  is  higher.  Calculations 
indicate  that  this  configuration  will  develop  a drawbar  force  of  200 
pounds  per  track  for  a total  of  400  pounds  for  the  vehicle.  Each  track 
will  require  approximately  5 horsepower  for  a speed  of  15  feet-per- 
minute.  The  latter  was  based  on  experience  and  test  measurements  with 
the  Equipment  Chassis  Test  Track  vehicle  at  CEL. 

A preliminary  configuration  for  a rotor/screw  concept  was  developed 
using  information  provided  by  Ehrlich  andQDugoff  (1965).  For  weak 
cohesive  soils  a helix  angle  of  30°  to  40°  is  recommended  with  a 
maximum  blade  height  of  3 inches.  The  center  of  gravity  for  loading 
of  the  rotors  should  be  at  midpoint  or  just  aft  of  midpoint.  Since 
this  vehicle  is  designed  to  operate  equally  well  in  either  direction 
the  center  of  loading  should  be  at  the  midpoint  of  the  rotor.  For 
the  soil  conditions  and  the  loading  conditions  given  above  for  the 
track,  a rotor  size  of  13  inches  in  diameter  by  78  inches  in  length 
was  selected.  This  is  the  soil  contact  length  which  is  approximately 
at  the  quarter  height,  total  rotor  length  would  be  of  the  order  of 
90  inches.  This  configuration  will  require  approximately  9 horsepower 
and  will  provide  a drawbar  force  approaching  400  pounds  for  the  entire 
vehicle  based  on  empirical  and  theoretical  data  presented  by  Ehrlich 
and  Dugoff  (1965)  and  by  Green  and  Rula  (1977). 

Technical  Considerations 

The  major  technical  considerations  which  impact  the  development  j 

of  this  running  gear  module  fall  into  the  following  five  categories: 

(a)  quantification  of  work  capability  enhancement  afforded  by  use  of  „ 

this  running  gear  module;  (b)  likely  mission  profiles  for  this  module 
used  with  host  vehicle  in  the  future,  including  site  characteristics; 
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(c)  operating  range  for  environmental  conditions  such  as  current  velocity, 
soil  strength  and  obstacle  height;  (d)  mobility  prediction  on  extremely 
weak  cohesive  soils;  and  (e)  physical  constraints  on  the  running  gear 
module  imposed  by  the  host  vehicle  and  its  handling  system.  These  five 
categories  are  discussed  in  more  detail  in  the  following  paragraphs. 

A number  of  existing  seafloor  vehicles  have  fairly  advanced  work 
capabilities  in  terms  of  very  sophisticated  manipulators  and  tool  suites. 
The  major  advantage  of  a running  gear  module  would  be  to  enhance  these 
existing  work  capabilities  primarily  in  terms  of  providing  a better 
reaction,  controlled  movements  over  longer  distances,  and  constant 
indexing  of  vehicle  position  on  the  seafloor.  Specific  examples  of 
work  enhancement  include  the  following:  (a)  reaction  for  tools  and 
elimination  of  the  need  for  use  of  grabbers;  (b)  ability  to  pull  or 
drag  small  objects  out  of  the  way;  (c)  provision  of  a reaction  for  a 
water  jet  or  similar  device  for  clearing  buried  objects;  (d)  ability 
to  drag  a net  through  an  area  to  pick  up  or  clear  debris;  (e)  maintenance 
of  position  in  a cross-current;  (f)  ability  to  move  an  object  to  a 
precise  positiorr;(g)  ability  to  provide  a moving  reaction  as  may  be 
required  for  a trenching  device  or  similar  mechanism;  and  (h)  ability  to 
maintain  a precise  moving  position  as  may  be  required  for  site  survey 
activities  or  work  in  an  area  of  limited  visibility  near  hazardous 
objects. 

Likely  future  mission  profiles  for  the  running  gear  module  are 
important  because  they  help  to  define  the  types  of  sites  at  which 
the  module  would  actually  be  used  and  also  to  define  important  performance 
characteristics  that  would  be  required.  Mission  profiles  are  hard  to 
predict  because  they  are  a combination  of  needs  and  capabilities  which 
tend  to  be  somewhat  a function  of  one  another.  Mission  profiles  can 
probably  best  be  developed  by  analyses  of  the  following:  (a)  Navy 
requirements  for  seafloor  work  capabilities  in  terms  of  site  evaluation, 
construction,  salvage,  and  search  and  recovery;  (b)  case  histories  of 
Navy  seafloor  operations  which  would  have  been  made  possible  or  made 
more  efficient  by  the  use  of  an  operational  running  gear  module,  and 
(c)  the  work  capability  expected  from  a running  gear  module  as  summarized 
in  the  paragraph  above.  Analyses  in  the  first  two  areas  will  likely 
give  the  best  idea  of  the  types  of  sites,  and  thus  the  environmental 
conditions,  at  which  the  module  would  be  expected  to  operate. 

The  running  gear  module  was  originally  conceived  for  use  on  the 
deep  ocean  seafloor.  In  general , this  region  is  covered  by  weak 
cohesive  soils.  While  better  data  do  exist  on  the  geotechnical  properties 
of  these  soils,  terra-mechanic  properties  are  needed  in  order  to  properly 
design  the  running  gear  system.  The  performance  of  running  gear  systems 
of  the  scale  being  considered  here  is  controlled  by  the  soil  properties 
in  the  upper  one  or  two  feet  of  the  soil  profile.  Both  undisturbed  and 
remolded  soil  strengths  are  of  interest,  and  the  latter  is  more  directly 
related  to  running  gear  performance.  In  addition,  several  investigators 
of  trafficabi 1 i ty  for  the  deep  ocean  mining  interests  have  suggested 
that  a property  they  called  "stickiness"  has  a major  influence  on  the 
ability  of  the  running  gear  to  continue  performing  satisfactorily.  This 
property  is  assumed  to  be  related  to  the  plasticity  of  the  soils  or 
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to  their  Bingham  shear  strengths.  In  addition  to  the  soil 
characteristics,  environmental  conditions  which  impact  mobility  include 
typical  slopes  and  obstacle  height  which  must  also  be  investigated 
and  characterized  in  terms  of  expected  operating  conditions. 

The  prediction  of  the  actual  mobility  performance  of  such  a 
running  gear  module  on  these  extremely  weak  and  cohesive  soils  is  a 
fourth  technical  problem  area.  The  vast  majority  of  all  mobility 
studies  in  the  off  road  environment  are  for  soils  with  a strength  of 
at  least  2 pound-per-square-inch.  There  are  very  few  studies  on 
soils  with  a strength  below  1 pound-per-square-inch.  A major  study  of 
such  weak  soils  has  been  underway  by  the  Army  Engineers  who  have  been 
examining  mobility  on  dredge  spoil  materials.  However,  most  of  their 
work  has  dealt  with  the  extrapolation  of  existing  mobility  models 
into  the  region  of  much  weaker  soil  strength.  Very  little  of  their 
effort  reported  to  date  was  directed  toward  actual  measurement  of  mobility 
performance  of  these  extremely  low  ground  pressure  vehicles.  Some 
physical  validation  of  these  empirical  models  at  extremely  low  bearing 
pressures  on  weak  soils  is  required  along  with  some  investigation  of 
this  "stickiness"  problem  in  order  to  determine  the  extent  of  any 
likely  adverse  impact  on  expected  running  gear  module  performance. 

The  last  area  of  major  technical  considerations  is  that  of 
physical  constraints  on  the  module  configuration  which  are  imposed 
by  its  host  vehicle  and  the  handling  system  for  the  host  vehicle.  The 
first  of  these  constraints  is  handling  on  the  deck  and  over  the  side 
of  the  ship  of  the  host  vehicle  with  the  module  attached.  The  in-air 
weight  of  the  module  as  well  as  its  physical  dimensions  as  they  extend 
beyond  the  original  dimensions  of  the  host  vehicle  are  important  and 
should  be  minimized  to  reduce  handling  problems  particularly  over  the 
side  of  the  support  ship.  The  second  area  is  handling  or  load  handling 
of  the  system  in  the  water.  If  the  module  is  designed  to  have  a 
negative  buoyancy,  this  can  potentially  have  an  adverse  effect  on  the 
existing  winch  system  and  cable  handling  system  for  the  host  vehicle 
which  for  most  vehicles  would  be  designed  to  handle  a nearly  neutrally 
buoyant  system.  The  increased  mass  of  the  vehicle  with  the  running 
gear  module  and  also  the  changes  in  its  drag  coefficient  particularly 
in  the  vertical  direction  have  a major  impact  on  line  dynamics  and  the 
dynamic  loads  seen  by  the  handling  system  both  in  the  cable  and  at  the 
ship.  In  general,  it  is  advisable  to  minimize  the  mass  and  cross- 
sectional  area  of  the  module  in  the  vertical  plane.  The  third  area 
is  constraints  on  available  power,  both  electrical  and  hydraulic, 
available  to  the  running  gear  module.  It  is  assumed  that  the  power 
normally  used  for  the  lateral  thrusters  on  the  host  vehicle  could  be 
rewired  or  replumbed  for  use  in  the  running  gear  module.  This  may 
require  a switching  system  so  that  either  the  running  gear  system 
or  the  thrusters  may  be  used  during  an  operation  on  the  bottom.  The 
ability  to  switch  from  one  system  to  the  other,  and/or  the  ability  to 
properly  control  the  running  gear  module,  is  dependent  upon  the  exist- 
ing control  system  in  the  host  vehicle.  In  general,  the  fewer  the  control 
channels  required  to  operate  the  running  gear  module  and  the  simpler  the 
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nature  of  these  channels  in  terms  of  on/off  functions  as  opposed  to 
variable  speed  controls,  the  better  the  chances  for  compatibility  of 
the  running  gear  module  with  a larger  range  of  potential  host  vehicles. 

A fourth  area  is  operating  procedures  for  the  host  vehicle.  Use  of  the 
running  gear  module  on  the  host  vehicle  will  certainly  change  the 
operating  procedures  including  handling  procedures  as  outlined  above, 
but  perhaps  more  importantly,  affecting  how  the  vehicle  is  used  on 
the  seafloor  in  terms  of  search  procedures  or  work  procedures.  This 
latter  area  also  goes  into  work  capabilities.  The  fact  that  the  new 
configuration  will  elevate  by  about  2 feet  the  level  of  the  host  vehicle 
above  the  seafloor,  may  affect  its  work  capabilities  in  terms  of  the 
positions  of  the  existing  manipulators.  This  could  potentially 
adversely  affect  work  capabilities,  but  it  is  assumed  that  the  angle  of 
manipulators  and  cameras  and  other  related  equipment  can  be  changed  to 
accommodate  this  new  position  and  elevation  of  the  vehicle. 

Development  Plans 

The  plans  for  solving  the  technical  problems  outlined  above  and 
for  completing  the  successful  development  of  this  running  gear  module 
are  summarized  in  Figure  9.  This  Technical  Note  is  the  first  TN  indicated 
under  preliminary  design  studies.  The  four  Purchase  Order  Reports  (POR's) 
indicated  under  the  preliminary  design  studies  address  four  of  the  problem 
areas  outlined  above.  These  four  studies  are  as  follows:  (a)  development 
of  mission  profiles  and  assessment  of  host  vehicle  compatibility  con- 
straints; (b)  site  classification  study;  (c)  development  of  mobility  cri- 
teria; and  (d)  assessment  of  a running  gear's  enhancement  of  the  host 
vehicle's  work  capability.  The  fifth  major  technical  area  listed  in  the 
preceding  section  and  not  covered  extensively  in  the  four  studies  listed 
above  is  that  of  mission  profile  definition.  That  is  being  covered 
under  the  item  entitled  Operational  Analysis  in  Figure  9.  That  item 
is  actually  made  up  of  two  studies,  one  of  case  histories  of  Navy  sea- 
floor work  and  the  second,  a more  detailed  study  of  work  enhancement  and 
potential  future  missions.  The  other  two  major  studies  to  be  completed 
before  making  a final  tradeoff  analysis  and  configuration  selection  are 
an  analytical  study  and  a laboratory  scale  model  study.  The  analytical 
study  is  basically  an  adaptation  of  the  STAfl  computer  model  (which  was 
developed  under  a separate  effort  for  analysis  of  trafficabil i ty  and 
stability  of  a vehicle  in  the  surfzone)  including  its  modification  for 
application  to  the  deep  ocean  work  vehicle  situation.  The  model  studies 
are  to  be  a more  detailed  series  of  physical  reduced-scale  tests  to 
validate  or  modify  the  mobility  criteria  which  are  currently  used  and 
which  are  based  on  extrapolation  from  terrestrial  experience  at  higher 
ground  pressures.  The  remainder  of  the  development  effort  is  as  pre- 
sented in  Figure  9. 
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The  information  and  data  summarized  herein  indicate  the  following: 

a)  a large  number  of  bottom-crawling  vehicles  have  apparently 
performed  satisfactorily  on  the  seafloor;  most  are  designed 
for  more  competent  soil  than  is  typical  in  the  deep  ocean; 
more  than  a third  use  passive/unpowered  running  gear;  and  none 
are  an  appropriate  design  for  the  objectives  of  this  study; 

b)  specific  data  on  vehicle  mobility  performance  on  deep  ocean 
soils  are  very  limited;  however,  detailed  data  from  RUM  II 
and  the  CEL  Equipment  Chassis  Test  Track  indicate  that 
mobility  can  be  maintained  and  significant  drawbar  force 
developed  in  very  weak  cohesive  soils  typical  of  the  deep 
ocean  environment  (a  drawbar  force  coefficient  slightly 
greater  than  the  soils  remolded  strength  is  realizable  even 

for  soil  strengths  down  to  0.2  psi,  as  long  as  bearing  pressures 
are  kept  sufficiently  low  to  prevent  excessive  sinkage); 

c)  the  rotor/screw  and  continuous  belt  type  track  offer  the  best 
potential  performance  in  the  deep  ocean  environment; 

d)  research  by  the  Army  Engineers  into  mobility  on  dredge  spoil 
containment  areas  provides  some  applicable  performance 
information  and  an  empirical  framework  for  predicting  mobility; 
however,  most  of  their  measurements  and  analyses  are  for 
soils  with  a higher  strength  than  expected  on  the  deep  ocean 
seafloor; 

e)  values  of  environmental  conditions  which  should  be  used  for 
baseline  designs  in  this  study  include  a remolded  strength 
of  0.1  psi,  a sensitivity  of  3,  obstacle  height  of  6 inches, 
slope  of  5%,  and  a bottom  current  of  0.2  knots; 

f)  analyses  to  date  indicate  that  a module  can  be  built  which 
will  provide  about  400  pounds  of  drawbar  pull  and  be  capable 
of  statically  resisting  larger  forces  on  typical  deep  ocean 
cohesive  soils; 

g)  review  of  current  Navy  vehicle  missions  and  those  for  planned 
vehicles  in  the  early  stages  of  development  strongly  support 
the  need  for  an  active  running  gear  technology  which  can 
potentially  significantly  enhance  work  capabilities  in  a 
number  of  circumstances; 
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h)  two  example  module  configurations  (one  utilizing  a rotor/ 
screw  and  the  other  a continuous  belt  type  track)  were 
designed  and  have  in-air  weights  of  slightly  less  than  2000 
pounds  and  significantly  lower  in-water  weights  (perhaps  neutral! 
buoyant) ; 

i)  neither  module  appears  to  impose  insurmountable  constraints 

on  the  host  vehicle  or  its  power,  control  or  handling  systems; 
and 

j)  while  the  results  indicate  the  feasibility  of  this  approach, 
several  technical  questions  will  require  more  refined  answers 
or  technical  validation  before  proceeding  with  design  and 
fabrication  of  the  test  module,  the  major  question  deals  with 
the  lack  of  any  quantitative  data  on  mobility  on  weak,  very 
plastic  cohesive  soils  at  extremely  low  ground  pressures 

and  low  speeds,  and  the  potential  effect  of  "stickiness"  on 
running  gear  performance  (a  model  study  is  suggested). 


RECOMMENDATIONS 

1.  Since  results  to  date  support  the  technical  feasibility  and 
potential  payoff  in  terms  of  work  enhancement  of  the  Running  Gear 
Module,  its  development  should  be  continued  as  outlined  in  the  section 
of  the  report  entitled,  "Development  Plans." 

2.  A model  study  under  controlled  conditions  (such  as  those 
found  in  the  laboratory)  is  required  in  order  to  provide  the  needed 
quantitative  data  on  drawbar  force  development  under  extremely  low 
contact  pressures  and  the  effect  of  "stickiness"  of  high  plasticity 
clays  on  the  performance  of  candidate  running  gear  types.  Full-scale 
field  tests  would  likely  be  too  expensive  to  perform  and  too  diffficult 
to  properly  control  and  instrument. 

3.  Additional  study  efforts  are  required  to  define  in  more 
specific  detail  potential  work  missions  and  work  capability  enhancements 
and  to  gather  the  additional  detailed  technical  data  and  mission/ 
schedule  information  needed  to  select  the  host  vehicle. 

4.  The  collection  of  information  on,  and  correspondence  with 
operators  of,  seafloor  work  vehicles  must  continue  with  emphasis  on 
cooperation  with  other  organizations  with  similar  interests/efforts 
and  the  collection  and  analysis  of  more  detailed  performance  data  as  it 
becomes  available. 
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Table  1.  Existing  Bottom-Crawling  Vehicles 


Table  1 . Existing  Bottom-Crawling  Vehicles  (cont.) 


Table  1.  Existing  Bottom-Crawling  Vehicles  (cont. 
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Table  2.  RUM  II  Characteristics 


Weight  in  air 

23,000 

lbs 

Weight  in  water 

13,500 

lbs 

Length 

15 

ft 

Width 

8.6 

ft 

Maximum  speed 

0.85 

knots 

Ground  pressure 

0-  3 

psi 

Track  width 

20 

i nches 

Grouser  height 

1 

inch 

Grouser  spacing 

^2.5 

inch 

Horsepower  per  track 

7.5 

hp 

Table  3.  RUM  II  Performance  in  La  Jolla  Canyon 


Track 
Pressure 
(psi ) 

Real i zed 
Drawbar 
Force 
(lbs) 

Drawbar 
Coefficient 
(psi ) 

Drawbar 

Force 

Appl ied 

Track  Weight 

Sinkage  (in) 

.25 

625 

.16 

.62 

4-6 

.50 

590 

.15 

.29 

6-8 

.75 

700 

' .17 

.23 

1.00 

475 

.12 

.12 

8-13 

i>' 

V 
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Table  4.  Unmanned  Research  and  Commercially  Available  Tethered  Free-Swimming  Vehicles 


Table  4.  Unmanned  Research  and  Conmercially  Available  Tethered  Free-Swimming  Vehicles-cont. 


UpU-300  ? ? ? 1,000  1 yes  ? Given,  1978 

Winn  Technology,  Ireland  ? ■> 

10  x 5 3,000  590  1,200-2,000  1 (7  hp)  ? Ocean  Systems,  1978 

Ocean  Systems,  Virginia  2 (4  & 7D0F)  <28 
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Table  6-  Percentage  of  the  Seafloor  Covered  by 
Various  Sediment  Types  (from  Herrmann, 
et  al , 1 972!) 


Type  of  Deposit 

Percentage  of 
Seafloor 

Average  Depth 
(feet) 

Terrigenic 

Shelf  sediments 

8 

328 

Muds 

18 

6,700 

Pelagic 

Globigerina  ooze  (calcareous) 

35 

1 1 ,800 

Pteropod  ooze  (calcareous) 

1 

6,600 

Diatom  ooze  (siliceous) 

8 

12,800 

Radiolarian  ooze  (siliceous) 

2 

17,400 

ked/brown  clay 

28 

17,700 

intensions  or  tire  dimensions  projected  to  ground  contact. 


I 

•1 


43 


Figure  5.  Predicted  drawbar  pull  as  a function  of  excess  Rating  Cone  Index  for  tracked  vehicl 
on  fine-grained  soils  (from  Willoughby,  1977), 
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Figure  6.  Example  calculated  mobility  and  performance  envelopes 
for  dredge  spoil  vehicles  (from  Willoughby,  1977). 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  Customary  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (SI)  units  as  follows: 


Multiply 

To  Obtain 

inches 

2.54 

centimeters 

feet 

0.3048 

meters 

miles  (U.S.  statute) 

1.609344 

kilometers 

miles  (nautical) 

1.852 

kilometers 

pounds  (mass) 

0.4535924 

kilograms 

pounds  (mass)  per  cubic  foot 

16.01846 

kilograms  per  cubic  meter 

pounds  (force) 

4.45 

newtons 

pounds  (force)  per  square  inch 

6894.757 

pascal s 

pounds  (force)  per  square  foot 

47.88026 

pascals 

knots 

0.5144 

meters  per  second 

feet  per  second 

0.3048 

meters  per  second 

miles  per  hour 

0.4470 

meters  per  second 

degrees  (angle) 

0.01745329 

radians 
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(X'EANAV  Mangml  Info  Div..  Arlington  VA 
(X  I ANSYSLANT  L.T  A.R.  Giancola.  Norfolk  VA 

ONR  ( DR  Harlett.  Boston  MA:  BROEE.  CO  Boston  MA;  Code  481.  Arlington  VA;  Code  481.  Bay  St.  Louis.  MS; 

Code  700E  Arlington  VA:  Dr.  A.  Laufer.  Pasadena  CA 
PHIBCB  I P&E.  Coronado.  CA 

PM  EC  I (II)  Mobile  Unit.  Point  Mugu.  CA.  Pat.  Counsel.  Point  Mug u CA 

PWC  CO  Norfolk.  VA;  CO.  Great  Lakes  IL;  CO.  Oakland  CA:  Code  1 20C  (Library)  San  Diego.  CA;  Code  220.1. 

Norfolk  VA;  Code  4(H).  Pearl  Harbor.  HI 
U S.  MERCHANT  MARINE!  ACADEMY  Kings  Point.  NY  (Reprint  Custodian) 

US  DEPT  OE  IN  I P RIOR  Bureau  of  Land  MNGMNT  - Code  733  (T.E.  Sullivan)  Wash.  IX' 

US  GEOLfXJICAL  SURVE  Y Off.  Marine  Geology.  Piteleki.  Reston  VA 

US  NATIONAL  MARINE  FISHERIES  SERVICE  Highlands  NY  (Sandy  Hook  Lab-Library) 

USCG  (G-ECV)  Washington  IX:  (G-ECV/61)  (Burkhart)  Washington.  DC;  (G-MP-3/USP/82)  Washington  IX 
USCG  ACADEMY  IT  N.  Stramandi.  New  London  CT 

USCG  RXI)  CENTER  CO  Groton.  CT : I).  Motherway.  Groton  CT:  I.TJG  R.  Dair.  Groton  CT 

USNA  Ocean  Sys.  Eng  IX-pt  (Dr.  Monncyl  Annapolis.  Ml);  PWD  Engr.  Div.  (C.  Bradford)  Annapolis  Ml) 

AMERICAN  UNIVERSITY  Washington  DC  (M.  Norton) 

CALIF.  DEPTOE  NAVIGATION  & OCEAN  DEV.  Sacramento.  CA  (G.  Armstrong) 

CALIF.  MARITIME  ACADEMY  Vallejo,  CA  (Library) 

CALIFORNIA  STATE  UNIVERSITY  LONG  BEACH.  CA  (CHEI.APATI);  LONG  BEACH.  CA  (YEN) 

CATHOLIC  UNfV.  Mech  Engr  Dept.  Prof.  Niedzwecki.  Wash..  DC  * 

COLORADO  STATE  UNIV..  FOOTHILL  CAMPUS  Fort  Collins  (Nelson) 

CORNELL  UNIVERSITY  Ithaca  NY  (Serials  IX-pt,  Engr  l.ib.) 

DAMES  & M(X)RE  LIBRARY  LOS  ANGELES.  CA  * 
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DU  K E UNIV  MIDICAI  CENTER  H.  Muga.  Durham  NC:  DURHAM.  NC(VESIC) 

I I ORIDA  ATLANTIC  UNIVERSITY  BOCA  RATON.  I I.  iMU  AL1.ISTER);  Boca  Raton  FL  (Ocean  Kngr  Dept..  C. 

Lin) 

FLORIDA  ATLANTIC  UNIVHRSITY  Boca  Raton  FL  <W.  Tessin) 

FLORIDA  TECHNOI.OGICAI  UNIVERSITY  ORLANDO.  FL  (HARTMAN) 

GEORGIA  INSTITUTE  OF  TECHNOLOGY  Atlanta  CiA  (B.  Mazanti) 

INSTITUTE  OF  MARINF  SCIFNCES  Morehead  City  NC  (Director) 

IOW  A STATE  UNIVERSITY  Ames  IA  <C'E  Dept.  Handy) 

KEENE  STATE  COI  I EGE  Keene  NH  (Cunningham) 

1 1 HIGH  UNIVERSITY  BETHLEHEM.  FA  (MARINE  GEOTECHNICAL  LAB..  RICHARDS):  Bethlehem  PA 
1 1 ritz  I ngr.  Lab  No.  13.  Beedle):  Bethlehem  PA  (Linderman  Lib.  No. 30.  Elecksteiner) 

I IBRARY  OF  CONGRESS  WASHINGTON.  DC  (SCIENCES  & TECH  DIV) 

MAINE  MARITIME  ACADEMY  (Wyman)  Casting  ME;  CASTINE.  ME  (I.IBRARY) 

MICHIGAN  TECHNOLOGICAL  UNIVERSITY  Houghton.  Ml  (Haas) 

Mi  l Cambridge  MA:  Cambridge  MA  (Rm  10-500,  Tech.  Reports.  Engr.  Lib  );  Cambridge  MA  (Whitman) 

NA  I L ACADEMY  OF  ENG.  ALEXANDRIA.  VA  (SEARLE.  JR.) 

OREGON  STATE  UNIVERSITY  (CF.  IX-pt  Grace)  Corvallis.  OR;  CORVALLIS.  OR  (CF.  DEPT.  BELL);  Corvalis 
OR  (School  of  Oceanography) 

PENNSYLVANIA  STATE  UNIVERSITY  State  College  PA  (Applied  Rsch  Lab);  UNIVERSITY  PARK.  PA 
(GOTOLSKI) 

PURDUE  UNIVERSI  TY  Lafayette  IN  (Leonards);  Lafayette.  IN  (Altschaeffl):  Lafayette.  IN  (CE  Engr.  l ib) 

SAN  DIEGO  STATE  UNIV.  I.  Noorany  San  Diego.  CA 
SCRIPPS  INSTITUTE  OF  OCEANOGRAPHY  LA  JOLLA.  CA  (ADAMS) 

SEATTLE  Li  Prof  Schwaegler  Seattle  WA 

SOUTHWEST  RSCH  INST  King.  San  Antonio.  TX:  R.  DeHart.  San  Antonio  TX 
STANFORD  UNIVERSITY  Engr  Lib.  Stanford  CA;  STANFORD.  CA  (DOUGLAS) 

STATE  UNIV.  OF  NEW  YORK  Fort  Schuyler,  NY  (Longoburdi) 

TEXAS  A&M  UNIVERSITY  College  Station  TX  (CE  Dept.  Herhich);  W.B.  Ledbetter  College  Station.  TX 
UNIVERSITY  OF  CALIFORNIA  BERKELEY.  CA  (CE  DEPT.  GERWICK);  BERKELEY.  CA  (CE  DEPT. 

MITCHELL);  Berkeley  CA  (Dept  of  Naval  Arch  ):  Berkeley  C'A  (E.  Pearson);  DAVIS.  CA  (CE  DEPT.  TAYLOR); 

La  Jolla  CA  (Acq.  Dept.  Lib.  C-075A);  M.  Duncan.  Berkeley  CA;  SAN  DIEGO.  CA.  LA  JOLLA.  CA  (SEROCKI) 

UNIVERSI  TY  Ol  CONNECTICUT  Groton  CT  (Inst.  Marine  Sci.  Library) 

UNIVERSITY  OF  DELAW  ARE  LEWES.  DE  (DIR.  OF  MARINE  OPERATIONS.  INDERBITZEN );  Newark.  DE 
(Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  HAWAII  HONOLULU.  HI  (SCIENCE  AND  TECH.  DIV.) 

UNIVERSITY  OF  ILLINOIS  Metz  Ref  Rm.  Urbana  IL.;  URBANA.  II.  (DAVISSON):  URBANA.  11.  (LIBRARY): 

URBANA.  IL  (NEWARK) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus).  Amherst  MA  C’E  Dept 
UNIVERSITY  OF  MICHIGAN  Ann  Arbor  Ml  ( Richart) 

UNIVERSITY  OF  NEBRASK A-LINCOLN  Lincoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSI  TY  OF  NEW  HAMPSHIRE  DURHAM.  NH  (LAVOIE) 

UNIVERSITY  OF  RHODE  ISLAND  Narragansett  Rl  (Pell  Marine  Sci.  Lib.) 

UNIVERSITY  OF  SO.  CAI.IEORNIA  Univ  So.  Calif 
UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 
UNIVERSITY  OF  TEXAS  AT  AUSTIN  Austin  TX  (R.  Olson) 

UNIVERSITY  OF  WASHINGTON  Seattle  WA  (M.  Sherif);  SEATTLE.  WA  (APPLIED  PHYSICS  LAB);  Seattle  WA 
(E.  Linger):  Seattle.  WA  Transportation.  Construction  Ac  Geom.  Div 
VENTURA  COUNTY  ENVIRON  RESOURCE  AGENCY  Ventura.  CA  Tech  Library 
VIRGINIA  INST.  OF  MARINE  SCI.  Gloucester  Point  VA  (Library) 

ALFRED  A.  YEE  Ac  ASSOC.  Honolulu  HI 
AMETEK  Offshore  Res.  Ac  Engr  Div 
AMSC'O  Dr.  R McCoy.  Erie.  PA 
ARC  AIR  CO.  I).  Young,  Lancaster  OH 

ATLANTIC  RICHFIELD  CO.  DALLAS.  TX  (SMITH)  j 

AUSTRALIA  Dept.  PW  (A.  Hicks).  Melbourne  > 1 

BECHTEL  CORP.  SAN  FRANCISCO.  CA  (PHELPS)  , .] 

BELGIUM  HAECON.  N.V.,  Gent  , . 1 

BETHLEHEM  STEEL  CO.  Dismuke.  Bethclchem.  PA  * 
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BOUW  KAMP  INC  Berkeley  ] 

BRAND  INDUS  SERV  INC.  J.  Buehlcr.  Hacienda  Heights  CA 

BRITISH  EMBASSY  Sei.  & Tech.  Dept.  (J.  MeAuley).  Washington  DC  I 

BROWN  & CAl.DWF.l.l.  E M Saunders  Walnut  Creek.  CA 
BROWN  & ROOT  Houston  I X (D.  Ward) 

CANADA  Can-Dive  Services  (English)  North  Vancouver;  Library.  Calgary.  Alberta;  Lockheed  Petro.  Serv.  Ltd.  New 
Westminster  B.C.:  Lockheed  Petrol.  Srv.  Ltd..  New  Westminster  BC;  Mem  Univ  Newfoundland  (Chari).  St  Johns; 

Nova  Scotia  Rsch  Found.  Corp.  Dartmouth.  Nova  Scotia;  Surveyor.  Nenninger  & Chenevert  Inc..  Montreal; 

Warnock  Hersey  Prof.  Srv  Ltd.  La  Sale.  Quebec 
CHEVRON  OIL  FIELD  RESEARCH  CO.  LA  HABRA.  CA  (BROOKS) 

COLUMBIA  GUl.E  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

CONCRETE  TECHNOLOGY  CORP.  TACOMA.  WA  (ANDERSON) 

DRAVO  CORP  Pittsburgh  PA  (Giannino):  Pittsburgh  PA  (Wright ) 

NORW  AY  DETNORSKF.  VERITAS  (Library).  Oslo 
I XXON  PRODUCTION  RESEARCH  CO  Houston.  TX  (Chao) 

FRANCE  Dr.  Dutertre.  Boulogne;  L.  Pliskin.  Paris;  P.  Jensen.  Boulogne;  Roger  LaCroix.  Paris 
GEOTECHNICAL  ENGINEERS  INC.  Winchester.  MA  (Paulding) 

GRUMMAN  AEROSPACE  CORP.  Belhpage  NY  (Tech.  Info.  Ctr) 

HALEY  & ALDRICH.  INC.  Cambridge  MA  (Aldrich.  Jr.) 

ITALY  Sergio  Tattoni  Milano 

MAKAI  (K  EAN  ENGRNG  INC.  Kailua.  HI 

I AMONT-DOHERTY  GEOLOGICAL  OBSERV.  Palisades  NY  (McCoy);  Palisades  NY(Selwyn) 

LIN  OFFSHORE  F.NGRG  P.  Chow.  San  Francisco  CA 
LOCKHEED  MISSILES  <Sl  SPACE  CO.  jNC.  Sunnyvale.  CA  (Phillips) 

LOCKHEED  OCEAN  LABORATORY  San  Diego  CA  (F.  Simpson) 

MARATHON  OIL  CO  Houston  TX  (C.  Seay) 

MARINE  CONCRETE  STRUCTURES  INC.  MEFAIRIE.  LA  (INGRAHAM) 

MC  CLELI  AND  ENGINEERS  INC  Houston  TX  (B.  McClelland) 

MEDAl.L  & ASSOC.  INC.  J.T.  GAFFEY  II  SANTA  ANA.  CA 
MEXICO  R.  Cardenas 

MOBIL  PIPE  LINE  CO.  DALLAS.  TX  MGR  OF  ENGR  (NOACK) 

NORW  AY  A.  Forum.  Trondheim;  DET  NORSKE  VERITAS  (Roren)  Oslo;  I.  Foss.  Oslo;  J.  Creed.  Ski;  Norwegian 
Tech  Univ  (Brandt/aeg).  Trondheim 
OCEAN  ENGINEERS  SAUSAI.ITO.  CA  (RYNECKI) 

OCEAN  RESOURCE  ENG.  INC.  HOUSTON.  TX  (ANDERSON) 

PACIFIC  MARINE  TECHNOLOGY  Long  Beach.  CA  (Wagner) 

PORTLAND  CEMENT  ASSOC.  SKOKIE.  IL  (CORELY);  SKOKIE.  IL(KLIEGER);  Skokie  IL(Rseh&  Dev  Lab. 

Lib.) 

PRESCON  CORP  TOWSON.  MD  (KELLER) 

RAYMOND  INTERNATIONAL  INC.  E Colic  Soil  Tech  Dept.  Pennsauken.  NJ 
SANDIA  LABORATORIES  Library  Div.,  Livermore  CA 
SCHIJPACK  ASS( K'  SO.  NORW  ALK.  CT(SCHUPACK) 

SEATECH  CORP.  MIAMI.  FL(PERONI) 

SHELL  DEVELOPMENT  CO.  Houston  TX  (C.  Sellars  Jr.);  Houston  TX  (E.  Doyle) 

SHELL  OIL  CO.  HOUSTON.  TX  (MARSHALL);  Houston  TX  (R.  de  Castongrene);  I.  Boaz.  Houston  TX 
SWEDEN  GeoTech  Inst;  VBB  (Library).  Stockholm 
TIDEWATER  CONSTR.  CO  Norfolk  VA  (Fowler) 

UNITED  KINGDOM  British  Embassy  (Info.  Offr).  Washington  DC;  Cement  & Concrete  Assoc  Wexham  Springs. 

Slough  Bucks;  Cement  & Concrete  Assoc.  (Library).  Wexham  Springs.  Slough;  D.  New,  G.  Maunsell  & Partners. 

London;  Library.  Bristol;  R.  Rudham  Oxfordshire;  Shaw  & Hatton  (F.  Hansen).  London;  Taylor.  Woodrow  Constr  . 

(0I4P),  Southall.  Middlesex;  Taylor.  Woodrow  Constr  (Stubbs).  Southall.  Middlesex:  Univ.  of  Bristol  (R.  Morgan). 

Bristol 

WATT  BRIAN  ASSOC  INC.  Houston.  TX 

WEST1NGHOUSE  ELECTRIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib.  Bryan)  / 

WESTIN1  RUC’ORP  Egerton.  Oxnard.  C'A 

WM  CLAPP  LABS  - BATTELLE  DUXBURY.  MA  (LIBRARY);  Duxbury.  MA  (Richards) 

WOODWARD-CLYDE  CONSULTANTS  (A.  Harrigan)  San  Francisco;  PLYMOUTH  MEETING  PA  (CROSS.  Ill)  l*r 

ADAMS.  CAPT  (RET)  Irvine.  CA 


A1  SMOOTS  Los  Angeles.  CA 
BARA.  JOHN  l>.  Lakewood.  CO 
BRAHTZLa  Jolla.  C'A 
BUI. LOCK  La  Canada 
F.  HI  UZL  Boulder  CO 
R.K.  BLSILR  Old  Sayhrook  CT 

L.NLRCiV  Rtkl)  ADMIN.  H.  Skowho.  Washington.  IX' 
WM  TALBOT  Orange  CA 
CLC  Donofrio.  John  I ...  I I 
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